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ABSTRACT 
   
Specific dendritic morphologies are a hallmark of neuronal identity, circuit assembly, and 
behaviorally relevant function. Despite the importance of dendrites in brain health and 
disease, the functional consequences of dendritic shape remain largely unknown. This 
dissertation addresses two fundamental and interrelated aspects of dendrite neurobiology. 
First, by utilizing the genetic power of Drosophila melanogaster, these studies assess the 
developmental mechanisms underlying single neuron morphology, and subsequently 
investigate the functional and behavioral consequences resulting from developmental 
irregularity. Significant insights into the molecular mechanisms that contribute to 
dendrite development come from studies of Down syndrome cell adhesion molecule 
(Dscam). While these findings have been garnered primarily from sensory neurons whose 
arbors innervate a two-dimensional plane, it is likely that the principles apply in three-
dimensional central neurons that provide the structural substrate for synaptic input and 
neural circuit formation. As such, this dissertation supports the hypothesis that neuron 
type impacts the realization of Dscam function. In fact, in Drosophila motoneurons, 
Dscam serves a previously unknown cell-autonomous function in dendrite growth. 
Dscam manipulations produced a range of dendritic phenotypes with alteration in branch 
number and length. Subsequent experiments exploited the dendritic alterations produced 
by Dscam manipulations in order to correlate dendritic structure with the suggested 
function of these neurons. These data indicate that basic motoneuron function and 
behavior are maintained even in the absence of all adult dendrites within the same 
neuron. By contrast, dendrites are required for adjusting motoneuron responses to 
specific challenging behavioral requirements. Here, I establish a direct link between 
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dendritic structure and neuronal function at the level of the single cell, thus defining the 
structural substrates necessary for conferring various aspects of functional motor output.  
Taken together, information gathered from these studies can inform the quest in 
deciphering how complex cell morphologies and networks form and are precisely linked 
to their function.  
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CHAPTER 1 
GENERAL INTRODUCTION AND BACKGROUND 
 This dissertation addresses the development of dendrite architecture features and 
corresponding function of identified Drosophila melanogaster motoneurons. The purpose 
of the current chapter is to provide a brief overview of dendrite structure and function, 
important mechanisms that carry out dendritic growth, as well as factors involved in the 
establishment of dendrite morphology. While a number of external, internal, and activity-
dependent processes have been implicated in dendrite morphogenesis, the precise 
molecular mechanisms governing dendritic branching are only beginning to be 
elucidated. One candidate gene that may contribute to dendritic development and neural 
circuitry is Dscam, a cell adhesion molecule that has been extensively implicated in 
regulating neuronal morphogenesis in both invertebrate and vertebrate systems. Chapter 1 
will also illustrate potential benefits of the Drosophila model in the study of dendrite 
structure and function. Chapter 2 is a manuscript that is under revision for publication in 
the Journal of Neuroscience. Chapter 3 is a manuscript in preparation for publication, but 
has not yet been submitted because the team of researchers has decided to conduct 
additional experiments in order to maximize the impact of this work. Chapter 4 includes a 
summary and proposes future avenues of research. 
 
A Brief Overview of Dendrite Growth and Development 
 The diverse and intricate patterns produced by a neuron’s dendritic arbors occupy 
much of the brain’s volume and have been the subject of studies since the days of 
Camillo Golgi and Ramon y Cajal. Dendritic morphology, defined as both the shape of 
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the branches within the arbor as well as a description of their placement relative to other 
neurons in the environment, is critical for neuronal function and formation of neural 
circuitry. Specifically, dendritic morphology ensures connections with the correct 
synaptic partners and affects integration of synaptic input (Connors and Regehr, 1996; 
London and Häusser, 2005). These circuitry patterns are generated during development 
by an interplay of genetic programs and activity dependent mechanisms that give rise to 
specific types and numbers of neurons, precise positions of the cell bodies, characteristic 
morphologies of the axonal and dendritic processes, and the synaptic connections that 
link neurons into a circuit (Spitzer, 2005).  
 The formation of neural circuits occurs in a series of interrelated steps during 
development and begins with a highly motile structure at their leading tip to sense the 
environment and steer through it (Tessier-Lavigne and Goodman, 1996). This structure is 
the growth cone, first described by Ramon y Cajal (Ramon y Cajal, 1890b,c). Our 
knowledge of growth cone functions derives predominantly from studies of axon 
development, largely because neurons possess many dendrites, but only one axon. As 
well, typically axonal growth cones are easily observed with live imaging and 
histological techniques. However, many of the basic principles can be generalized and are 
likely conserved in dendritic growth cones. At the base of the growth cone, microtubules 
fan out into what is sometimes referred to as the central domain of the growth cone. 
These dynamic microtubules grow preferentially along actin filaments and extend to a 
distal, motile region fringed with finger-like filopodia and the broader lamellipodia, 
known as the peripheral domain (Geraldo and Gordon-Weeks, 2009). Whereas within 
filopodia, actin filaments are tightly packed to filament bundles cross-linked by proteins 
3 
such as Fascin (Cohan et al., 2001), lamellipodia are flat regions of intermediate length 
actin meshwork (Okabe and Hirokawa, 1990). At the leading edge of the growth cone, 
filopodia and lamellipodia are constantly formed, extended and retracted. This region is 
rich with cell surface molecules that detect guidance cues from the environment to 
determine the path of migration; both cell-cell interactions and gradients of diffused 
ligands direct the growth cone. Filopodia respond to guidance cues either by stabilizing 
when they encounter an attractant cue, or by retracting and turning upon contacting a 
repulsive cue. Steering the growth cone involves the coordination of polymerization and 
depolymerization of the actin and microtubule cytoskeleton, modulated by the activities 
of many cytoskeletal binding proteins. Persistent and directed advance involves actin 
dependent initiation and extension of filopodia and their subsequent stabilization by 
microtubules (for review Dickson, 2002).   
 Once in the target region, dendrite branches elaborate to cover an appropriate 
receptive field. Microtubule polymerization and dynamics play an essential role at this 
point. Subsequently, synapses begin to form along the dendrite and provide a new 
mechanism for stabilization of the dynamic branches. In many cases, this synaptic-
contact-dependent stabilization mechanism is functionally selective because only 
dendritic branches that are contacted by the appropriate inputs are stabilized and, 
therefore, maintained (Vaughn, 1989). Elegant live imaging studies demonstrate dendrite 
stabilization and subsequent branch formation preferentially at sites of synaptic contacts, 
which has led to the synaptotrophic hypothesis of dendritic growth (Niell et al., 2004). In 
its entirety, dendrite morphogenesis is a complex but well orchestrated process that 
includes the development, stabilization and subsequent remodeling of dendritic arbors.  
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 In many systems, especially during early critical periods of development, neurons 
exhibit periods of plasticity in which connectivity can be modified in response to sensory 
input or experience. Often large scale remodeling to dendritic shape will take place under 
pathological conditions. These modifications to dendritic shape in a mature nervous 
system can alter the coordinated activity of neurons, and thus, the resulting network 
function (Magarinos and McEwen, 1995; Sestan et al., 1999; Tronel et al., 2010; 
Hutchinson et al., 2012). Malformation of neuronal dendrites has been consistently 
associated with several neurodegenerative, neurodevelopmental and neuropsychiatric 
disorders such as autism spectrum disorders, Alzheimer’s disease, schizophrenia, Down 
syndrome, Fragile X Syndrome, Rhett Syndrome, chronic stress and depression 
(Kaufmann and Moser, 2000; Watanabe et al., 1992; Magarinos et al., 1996; Sousa et al., 
2000; Vyas et al., 2002). Similarly, miscommunication between neurons is also a primary 
correlate of many neurological and cognitive disorders, such as mental retardation 
(Kaufmann and Moser, 2000; Pfeiffer and Huber, 2007), schizophrenia (Stephan et al., 
2006, 2009), Parkinson's disease (Calabresi et al., 2006), and Alzheimer’s disease 
(Selkoe, 2002). This is not surprising given the important role of dendrites as the 
principal site of synaptic contact for neurons. However, for the majority of cases, it 
remains unclear whether the observed defects in dendritic structure are the cause or the 
consequence of the disease. Still, it is feasible to surmise that studying the pathology of 
dendrites will undoubtedly contribute to understanding both the pathogenic aspects of 
nervous system disorders and normal dendritic function. 
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Molecular mechanisms governing dendritic architecture development 
The processes underlying dendrite architecture development require the 
orchestration of intrinsic genetic and plasticity dependent developmental programs 
(Montague and Friedlander, 1989, 1991; Spatkowski and Schilling, 2003; Gao and 
Bogert, 2003). Importantly, many of the main features of dendritic arbors and principles 
of their development are conserved between invertebrate and vertebrate systems, 
including reliance on similar mechanistic pathways and the ability to use neuronal 
activity to modify their shape. While some factors work broadly to shape dendrite 
morphology in all neurons (i.e. hormones, growth factors), others work more specifically 
to regulate dendrite growth in distinct neuron populations or within specific dendritic 
compartments of the same cell.  
 The primary intrinsic factors contributing to dendritic morphogenesis include 
cytoskeletal elements, components of signal transduction pathways, and transcriptional 
regulators (Jan and Jan, 2003). Most prominent among such molecules are the Rho-
family of GTPases, which are intimately involved in choreographing microtubule 
dynamics during dendrite branching (Luo, 2002; Leemhuis et al., 2004), the plus-end-
tracking molecules (+TIPs), which regulate the elongation and shortening of 
microtubules (Amos and Schlieper, 2005), the motor proteins CHO1/MKLP1, and the 
microtubule-associated motor protein dynein (Yu et al., 2000; Jan and Jan, 2003; 
Redmond and Ghosh, 2001). Dendritic development is also affected by elevations in 
intracellular calcium from intracellular stores or neurotransmission-mediated influx, 
followed by actions from accompanying signal transduction molecules. For instance, 
calcium/calmodulin-dependent protein kinases (CaMKs) in collaboration with the 
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mitogen-activated protein (MAP) kinase pathway are important for regulating and 
stabilizing dendrite growth (Wu and Cline, 1998; Redmond et al., 2002; Vaillant et al., 
2002). Furthermore, transcriptional mechanisms are also fundamental in regulating 
dendritic Gestalt, since such mechanisms can promote long-term changes by controlling 
gene expression programs consisting of several genes. A few examples include Cut, the 
Drosophila homolog of the mammalian CUT-like 1(CUX/CDP) protein, and Spineless, 
the Drosophila homolog of the mammalian dioxin receptor, both of which likely act 
independently to control cell-type specific dendritic branching patterns and regulate 
dendritic complexity (Cubelos et al., 2010; Kim et al., 2006; Grueber et al., 2003). Also, 
transcription factors, such as cAMP response element binding protein (CREB), fos, jun, 
and neurogenin 2, have been implicated in governing dendrite arborization and synapse 
development in response to activity (Hand et al., 2005; Wayman et al., 2006; Vonhoff et 
al., 2013). 
 Dendritic structure is further regulated by the coordinated activity of extrinsic 
factors such as growth factors (McAllister et al., 1995, 1997), guidance cues (Polleux et 
al., 2000; Furrer et al., 2003; Furrer et al., 2007), neural activity (Duch and Mentel, 2004; 
Libersat and Duch, 2004; Duch et al., 2010) and dendro-dendritic interactions (for review 
Parrish et al., 2007; Corty et al., 2009; Zipursky and Grueber, 2013). Developing 
dendrites encounter a complex environment. In many cases, input from neighboring 
neurons serves as a signaling mechanism for the regulation of changes in dendrite 
structure. In Drosophila motoneuron dendrites, increasing membrane excitability results 
in increased dendritic length and arborization (Duch et al., 2008; Hartwig et al., 2008) 
suggesting that in at least some circumstances there is a positive relationship between the 
7 
amount of neuronal input and the rate of dendritic growth. However, the degree to which 
neural activity affects developing dendrites varies considerably between different species, 
different types of neurons, and different times during development (Libersat and Duch, 
2004; Lohmann and Wong, 2005). At the same time, developing dendritic arbors are 
responsive to cues that ensure proper routing and guidance. For instance, growth factors 
stimulate, inhibit and also mediate directional growth. Growth factors include 
neurotrophin 3 (NT-3), neurotrophin-4 (NT-4), brain-derived neurotrophic factor (BDNF) 
and nerve growth factor (NGF). These factors exert their effects through the 
tropomyosin-related kinase (Trk) family and the low-affinity p75 neurotrophin receptors 
(McAllister et al., 1999). Also, guidance molecules implicated in dendrite development 
such as Slits, Netrins, Semaphorins and Ephrins (Polleux et al., 2000; Furrer et al., 2003; 
Furrer et al., 2007) promote proper routing of developing dendrites to their appropriate 
synaptic targets through both chemoattractive and repulsive actions. Subsequently, 
dendrites extend their branches into defined territory borders, giving rise to regulated 
morphologies that must be adjusted to reach optimal occupation of the input territory. 
Here, dendrite-dendrite interactions can have a profound influence on determining the 
size and shape of the dendritic field.  
 Dendrite-dendrite interactions between branches or subtrees of the same cell, or of 
related cell types, produce spacing phenomena known as intra-neuronal tiling, self-
avoidance and hetero-neuronal tiling, respectively. These events ensure proper and non-
redundant spread of branches over a given territory (Amthor and Oyster, 1995; Grueber 
et al., 2002; Grueber and Sagasti, 2010; Grueber et al., 2003b; Kramer and Kuwada, 
1983; Sagasti et al., 2005; Sugimura et al., 2003; Vonhoff and Duch, 2010). In both self-
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avoidance and tiling, there is a requisite element of recognition specificity. In intra-
neuronal tiling and self-avoidance, dendrites must only engage repulsion upon 
encountering dendrites emerging from the same cell, whereas in tiling, dendrites must be 
able to recognize branches emerging from neighboring cells of a related type. In each 
case, this recognition must occur within an often extremely complex extracellular 
environment that contains dendrites from thousands of other neurons that must be 
ignored. Thus, self-avoidance and tiling demand mechanisms that allow for selective 
recognition between self- and non-self. 
 
Down syndrome cell adhesion molecule  
 Cell adhesion molecules (CAMs) serve a primary role in contact mediated 
dendrite outgrowth. The interactions of these proteins can be homophilic (interacting with 
the same molecule) or heterophilic (interacting with a different molecule). In this respect, 
they can act as both receptor molecules and guidance cues in chemoattraction and 
repulsion. Cell adhesion molecules include the IgCAMs (Immunoglobulin superfamily 
CAMs) and the cadherin superfamily of CAMs, comprised of protein subfamilies 
including classic cadherins, protocadherins and the atypical cadherins such as Flamingo 
(Fmi) (Nollet et al., 2006). IgCAMs belong to one of the most ancient families of cell 
adhesion molecules. Thus, most vertebrate IgCAMs have invertebrate orthologs. 
Structurally, IgCAMs possess a distinctive immunoglobulin domain (Ig) consisting of 70-
110 amino acids, which forms a sandwich-like fold of two sheets of antiparallel β strands. 
Members of this family may have one or several Ig domains together with regions of the 
extracellular matrix component fibronectin (called FN-like domains). Moreover, any one 
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Ig family member may have many isoforms that differ in the size of the intracellular or 
extracellular domains. Functionally, IgCAMs can be either homophilic (IgCAM A binds 
to IgCAM A) or heterophilic (IgCAM A binds to IgCAM B). However, all IgCAMs can 
also be involved in heterophilic interaction between cells and the extracellular matrix. 
One prominent example of an IgCAMs is Down Syndrome Cell Adhesion Molecule 
(Dscam). 
 Dscam was first identified in an effort to characterize proteins located within 
human chromosome band 21q22, a region known to play a critical role in Down 
syndrome (Yamakawa et al., 1998). Dscam proteins are large transmembrane receptors 
that include 10 Ig domains and 6 fibronectin type III (FnIII) repeats in the ectodomain, 
and an endodomain containing several SH3 binding sites and putative tyrosine 
phosphorylation sites (Schmucker et al., 2000). The general domain organization of 
human DSCAM is conserved in mice, chick and Drosophila melanogaster (Schmucker et 
al., 2000; Agarwala et al., 2001; Yamagata and Sanes, 2008). To date, two Dscam genes 
have been identified in humans, two in mice and four in Drosophila.  
 While DSCAM was initially identified and sequenced in humans, the first major 
insights into its function came from studies in the Drosophila paralogs Dscam (also 
known as Dscam1) and Dscam 2-4. All Drosophila Dscams share the same extracellular 
domain organization, but have divergent intracellular domains and functions (for review 
Hattori et al., 2008). The exons of Dscam1 are extensively spliced (Schmucker et al., 
2000). Alternative splicing of Dscam pre-mRNA potentially generates 38,016 distinct 
protein isoforms, in which 19,008 extracellular domains are linked to one of two 
alternative transmembrane segments. Recent analyses indicate that there is also 
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significant diversity generated by the portions of the gene encoding the intracellular 
region of Dscam through the inclusion or exclusion of exons 19 and 23. This suggests 
that, in total, 152,064 different proteins isoforms can potentially be generated from 
Dscam (Wang et al., 2004; Yu et al., 2009). 
 The key to Dscam1 function in self-avoidance lies in its isoform-specific 
homophilic binding of the ectodomain (Wojtowicz et al., 2004, 2007; Matthews et al., 
2007). The diversity of the ectodomain is generated by mutually exclusive inclusion of 
alternative exon choices from clusters at exon 4 (12 possibilities), 6 (48 possibilities), and 
9 (33 possibilities) (Schmucker et al., 2000). Identical ectodomains exhibit homophilic 
binding, such that each isoform binds strongly to itself and not at all, or weakly, to other 
isoforms (Wojtowicz et al., 2004). The homophilic binding is localized to the seven N-
terminal Ig domains, which include three variable domains, Ig2, Ig3 and Ig7, and 
involves binding of the matching Ig domains (Ig2 with Ig2, Ig3 with Ig3, and Ig7 with 
Ig7) (Wojtowicz et al., 2007). While homophilic binding commonly occurs between 
identical isoforms that match all three variable Ig ectodomains (Hattori et al., 2008; 
Wojtowicz et al., 2007), a recent study demonstrates hat nonmatching isoforms still retain 
some weak binding activity to induce very low levels of repulsion (Wu et al., 2012). The 
choice of exons incorporated into Dscam mRNA is largely through random alternative 
exon choice, but has also been described as having tissue specific differences in 
expression (Celotto and Graveley, 2001). Because of the thousands of diverse Dscam1 
isoforms that are generated by random alternative exon choice, individual neurons 
express different combinations of between 14 and 50 isoforms (Neves et al., 2004; Zhan 
et al., 2004). It is important to note that no study has yet compared the Dscam isoform 
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expression between individual animals focusing on a specific neuron. Together isoform-
specific homophilic binding and stochastic isoform expression produce a mechanism by 
which neurons can potentially recognize and differentiate between self- and non-self 
dendritic arbors. 
 Several lines of evidence suggest Dscam’s broad involvement in nervous system 
development. Dscaml was first identified for its role in axon guidance of Bolwig's nerve 
of the larval visual system (Garrity et al., 1996; Schmucker et al., 2000). It was 
subsequently shown to regulate axon targeting in olfactory receptor neurons (Hummel et 
al., 2003) as well as axon branching and segregation in the mushroom body neurons 
(Wang et al., 2002; Zhan et al., 2004). 
 Studies suggest that Dscam also mediates self-avoidance in dendrites. Dscam was 
first shown to be involved in the formation of dendritic trees in Drosophila olfactory 
projection neurons (PNs) (Zhu et al., 2006). In the absence of Dscam, dendrites of PNs 
and local interneurons collapse and fasciculate with one another. Similar results were 
seen in dendrites of Drosophila larval sensory dendritic arborization (da) neurons in the 
peripheral nervous system (Hughes et al., 2007; Matthews et al., 2007; Soba et al., 2007). 
There are four classes of da neurons, which arborize in two-dimensional patterns within 
the Drosophila larval body wall. The relative simplicity and planar arrangement of the da 
neurons facilitate quantification of self-avoidance by measuring self-dendrite crossings. 
When Dscam is expressed, the sister dendrites within a neuron do not overlap with each 
other. However, in the absence of Dscam, sister dendrites adhere to each other and 
overlap. The number and length of the dendrites are the same in both cases; only the 
dendritic spatial organization is altered. The analysis of Dscam1 in self-avoidance of da 
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neurons has led to several conclusions. First, neither one particular Dscam1 isoform nor 
Dscam1 diversity are required for self-avoidance in individual neurons. Rather, Dscam1 
diversity is essential for discrimination between self- and non-self dendrites, so that the 
overexpression of single isoforms in neurons whose normally dendrites overlap leads to 
their segregation (Hughes et al., 2007; Matthews et al., 2007; Soba et al., 2007). Further, 
discrimination between self- and non-self dendrites requires the expression of thousands 
of Dscam1 isoforms (Hattori et al., 2009). Finally, expression of Dscam1 isoforms 
lacking a functional cytoplasmic domain promotes adhesion rather than repulsion 
between dendrites (Zhu et al., 2006).  
 Dscam’s role in nervous system development is also conserved in the mammalian 
brain. During development, mammalian DSCAM shows widespread localization in many 
brain structures, including the cortex, cerebellum, basal ganglia, olfactory bulb, retina, 
hippocampus, midbrain, and brainstem (Barlow et al., 2002). Fuerst et al. (2008, 2009) 
also identified that mouse DSCAM and DSCAM-like-1 (DSCAML1) mediate self 
avoidance. In comparison to Drosophila Dscam, however, vertebrate DSCAM exhibits 
less molecular diversity and has fewer splice isoforms. So, although DSCAMs may retain 
a conserved function in vertebrates, it is unclear in the absence of molecular diversity, 
how dendrites of different cells of the same types would discriminate between self and 
non-self. It may be that vertebrates utilize a different family of cell recognition 
molecules, such as protocadherins, to regulate self-avoidance (Schreiner and Weiner, 
2010; Lefebvre et al., 2012). 
 A spontaneous mutation in the mouse DSCAM gene (Dscamdel17) provided the 
first clue that DSCAM regulates self-recognition between processes of the same cell, 
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especially in the developing retina (Fuerst et al, 2008). Analysis of DSCAM mutant 
retinas revealed that both dopaminergic and bNOS-positive amacrine cells, which 
normally express DSCAM, show fasciculated dendrites and abnormally clumped cell 
bodies. Additional studies in an alternate mutant mouse line (Dscam23) show 
disorganized retinas and amacrine cells with hyperfasciculated processes and clumped 
cell bodies (Fuerst et al., 2010). These results suggest that murine DSCAM mediates both 
dendritic self-avoidance to preserve spaced arbors, and heteroneuronal self-avoidance to 
preserve spacing of the cell bodies. 
 To complicate things, novel Dscam functions in both vertebrates and invertebrates 
have been recently reported for targeting axons and dendrites to specific laminas in the 
chick retina (Yamagata and Sanes, 2008), for interacting with Netrins to balance 
responses to environmental or adhesive cues (Andrews et al., 2008; Liu et al., 2009; 
Purohit et al., 2012), and for promoting dendrite outgrowth and branching in cortical 
pyramidal neurons (Maynard and Stein, 2012). 
 
Model: Drosophila melanogaster 
 The fruit fly, Drosophila melanogaster, is well suited for the investigation of the 
structural and functional development of dendrites (Grueber et al., 2003). The major 
advantages of fruit flies are their fast reproduction cycle, the simplicity of their nervous 
system compared to the vertebrate nervous system, and the conservation of 
developmental genes and mechanisms between the fly and a wide variety of other 
animals. The amenability of Drosophila to molecular genetic approaches is also a great 
strength. For instance, the UAS-GAL4 system, which in combination with enhancer trap 
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lines, allows for the targeted knockdown of any gene of choice as well as for targeted 
expression of various transgenes in sub-populations of cells, which can be visualized by 
the expression of reporter genes like green fluorescent protein (GFP; Brand and 
Perrimon, 1993). Drosophila also provide a model wherein dendrite growth can be 
studied in situ. The principal structures of vertebrate and invertebrate neurons have been 
proposed to be homologous (Sanchez-Soriano et al., 2005), despite clear organizational 
and molecular differences. As well, the giant fiber system, which controls escape 
behavior in Drosophila, is a valuable system to link dendritic architecture, behavior and 
neuronal function (Engel and Wu, 1996; Allen et al., 2006). Finally, the morphology, 
physiology, and function of the identified flight motor neuron MN5, which is part of the 
neural circuitry involved in both flight and courtship song has been investigated in great 
detail (Consoulas et al., 2002; Duch et al., 2008; Ryglewski and Duch, 2009; Vonhoff 
and Duch, 2010; Levine and Wyman, 1973; Harcombe and Wyman, 1977). Indeed, these 
neurons can be unambiguously identified in different animals of the same species, only 
one such neuron exists per hemisphere in the nervous system, and each exhibits a unique 
characteristic morphology and a well known function during behavior. As such, 
Drosophila MN5 provides a unique opportunity to identify and isolate single cells in 
order to study underlying dendritic growth and the behavioral consequences resulting 
from defects in dendrite development. 
 
Drosophila Motoneuron 5   
 Five motor neurons (MN1-5) innervate the dorsal longitudinal indirect flight 
muscles (DLM) in the adult Drosophila. MN1-4 are born embryonically, innervate 
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ipsilateral larval muscles and undergo dendritic regression and regrowth during 
metamorphosis to innervate DLM1-4. MN5 is also born embryonically but remains 
developmentally arrested until the onset of metamorphosis when dendrites begin to grow 
and it extends its axon to innervate the contralateral target muscle fibers, DLM5 and 6 
(Ikeda and Koenig, 1988, Consoulas et al., 2002). The first dendritic branches extend 
from the primary neurite at early pupal stage P5 (12.5 h after puparium formation, APF). 
By pupal stage P7, all first order dendrites have formed, higher order branches develop 
and an anterior branch has turned to cross the midline. By pupal stage P15 (~90 h APF), 
MN5 has acquired most of the features of the adult dendritic architecture structure. The 
adult dendritic structure of MN5 is highly stereotyped, comprising a total length of 
approximately 6500 µm and >4000 branches (Vonhoff and Duch, 2010; Hutchinson et 
al., 2013). As well, the DLM innervation is highly stereotyped, with patterns being 
established within the first 48 hours of metamorphosis (Hebbar and Fernandes, 2004). At 
early stage P5, primary axon branches extend, and even as they are extending, second 
order branches begin appearing. By the end of the first day (24 h APF), higher order 
branching is maximal (Hebbar and Fernandes, 2004).  
 Changes in neuromorphology during metamorphosis accommodate the new 
circuitry, musculature and adult behaviors, such as flight and male courtship song. 
During flight, wing movement is powered by the antagonistic sets of indirect flight 
muscles, the DLM depressors and dorsal ventral indirect flight muscles (DVM) elevators, 
which attach to the thoracic cuticle from which the wings extend. Distortion of the 
thoracic cuticle results in contraction that brings about wing depression and elevation, 
respectively. It is believed that though a sequence of stereotyped events, contraction of 
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the jump muscle deforms the thoracic cuticle in such a way that causes both to move 
through their upstroke and to stretch the DLMs (Trimarchi and Schneiderman, 1995). 
Stretching of the DLMs activates them and their contraction deforms the cuticle the 
opposing way and stretches the DVMs, which in turn causes contraction and stretching of 
the first set. The indirect flight muscles fibers are asynchronous, meaning that the muscle 
fibers do not contract synchronously with each action potential from the motor neuron. 
Rather the motor neuron’s role is to stimulate the muscle periodically, causing the release 
of calcium ions in the muscle, necessary to sustain contraction (Pringle, 1974). It has 
been demonstrated that motoneuron firing frequencies are linearly related to 
intramuscular calcium concentrations, which in turn, relate linearly to wing beat 
frequency and mechanical lift production (Gordon and Dickinson, 2006). Therefore, 
despite a precise temporal regulation of contractions, motoneuron firing rates dictate the 
frequency and power production of the wing beat.  
  Power for wing movement during male Drosophila courtship song is produced, 
as in flight, by the indirect flight muscles. Singing males alternate between producing 
trains of pulses and trains of approximately sinusoidal (sine) song; these pulse and sine 
trains are typically concatenated into bouts (Ewing and Bennet-Clark, 1968; von 
Schilcher, 1976a; Ewing, 1977; Ewing, 1979). Sine song is characterized by an initial 
tone burst with muscle contractions at 160Hz during which motoneurons fire at much 
lower tonic frequencies than during flight, and some DLM units remain silent (Ewing, 
1977). Sine song is followed by pulse song, which consists of muscle contraction pulses 
of 3 ms duration that are separated by interpulse intervals of 34 ms. Pulse song is 
characterized by recruitment of all five DLM motoneurons. Consequently, MN5 shows 
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very different firing patterns during flight (tonic firing) and male courtship song (pulse 
firing). Yet, both behaviors are thought to share largely similar pre-motor circuitry that 
includes MN5. 
 
GAL4-UAS System 
 The binary expression system, GAL4-UAS system (Brand and Perrimon, 1993), 
has been a great advantage to Drosophila in identifying specific populations of neurons. 
Using this technique, it is possible to express transgenes in only a few cells without 
affecting the entire nervous system. While the yeast transcription factor GAL4 has no 
effect on its own in Drosophila, it can function to activate transcription from genes that 
carry a yeast DNA sequence called the GAL4 Upstream Activator Sequence (UAS). To 
drive ectopic expression of a gene of interest, researchers first clone the gene’s cDNA 
downstream of a UAS and a promoter or enhancer, and they introduce this into the germ 
line. UAS-cDNA transgenes are not transcribed in the absence of the GAL4 proteins and 
so have no effect on the flies that carry them. However, when UAS-cDNA flies are 
crossed to a GAL4 line, the cDNA is expressed in the progeny, specifically in those cells 
making the GAL4 protein. The pattern of GAL4 expression is determined by enhancers 
(or drivers) near the site where the GAL4-containing P element is inserted into the 
genome. Further, if a fluorescent protein has been engineered downstream of UAS, then 
cells will fluoresce and can be visualized (Brand and Perrimon, 1993). Because of the 
large number of GAL4 driver lines available, the GAL4 method for ectopic expression is 
a highly versatile tool for studies of Drosophila development. 
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RNA Interference  
 RNA interference (RNAi) is a phenomenon by which double-stranded RNA 
(dsRNA) reduce gene expression by targeting homologous mRNAs for degradation. 
When dsRNA is introduced into cells, the enzyme Dicer processes it into fragments of 
approximately 21-23 nucleotides, called interfering RNAs (siRNAs). The siRNAs are 
unwound into single-stranded pieces, called the passenger and guide strands. The guide 
strand is incorporated into the RNA-induced silencing complex (RISC) (Bernstein et al., 
2001). Upon interaction of the RISC with the specific mRNA molecules via base paring 
with the complementary siRNA, the target mRNA is degraded, and thus prevented from 
being used as a translation template, resulting in the loss of protein expression (Palmer et 
al., 2006).  
 In Drosophila, RNAi is cell-autonomous and can be triggered by the expression 
of a long double-stranded ‘hairpin’ RNA from a transgene containing a gene fragment 
cloned as an inverted repeat. The hairpin RNAs are used to induce RNAi-mediated 
degradation of a target RNA. Using the GAL4-UAS system, this can be done in 
potentially any desired cell type at any time point in development. For the current 
experiments presented within these chapters, I obtained RNAi fly lines that were created 
by cloning a gene fragment containing a coding sequence for a region of the Dscam 
genes that is not alternatively spliced. As such, the RNA transgene should target the 
Dscam gene with very high sequence similarity and the efficacy of the RNA knockdown 
should not be isoform specific. 
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MARCM Technique   
 Mosaic analysis with a repressible cell marker (MARCM) is a genetic technique 
used in Drosophila to label single cells or multiple cells sharing a single progenitor (Lee 
and Luo, 1999; Lee and Luo, 2001). It involves the generation of homozygous mutant 
cells from heterozygous precursors via mitotic recombination. Therefore, it provides a 
means to create homozygous mutant cells in otherwise heterozygous tissue. To achieve 
this, a cell must be heterozygous for a transgene encoding the GAL80 protein and a 
mutation of interest. The mutation must be located on the chromosome arm in trans to the 
chromosome arm containing the GAL80 transgene. An FRT site is located proximal to 
both the GAL80 and the mutation. Following FLP mediated mitotic recombination, the 
GAL80 repressor transgene is removed from one of the daughter cells. The normal 
function of FLP is to catalyze reciprocal crossing-over at specific recombination targets 
(FRTs). The FLP gene is located downstream of, and therefore under the control of, a 
temperature or spatially specific promoter whose expression can be precisely regulated 
(i.e. turned on at elevated temperature). If FRTs are present at the same location on both 
homologs, FLP recombinase catalyzes recombination between them. The site-specific 
recombination allows for the expression of a GAL4-driven reporter gene and the 
mutation of interest specifically in this daughter cell and its progeny. 
 
Goals of this Dissertation 
 The collective literature presented here have led us to propose that Dscam can 
have profound impacts on neural circuit development. Thus, I first tested the hypothesis 
that Dscam is required for normal development of the three-dimensional dendritic 
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structure of Drosophila MN5. In the first experiment, I targeted Dscam-RNAi to adult 
Drosophila motor neurons and then assessed 3-dimensional dendritic architecture. The 
second experiment tested the hypothesis that Dscam acts in a cell-autonomous manner to 
direct motoneuron dendritic growth. Here, I employed the MARCM technique to produce 
Dscam mutant MN5 neurons in an otherwise normal Dscam background. These 
experiments involved generating a MARCM-ready fly stock, familiarizing myself with 
embryogenesis and Drosophila embryo staging, and then establishing a reliable timing 
protocol. MN5 is born embryonically (Consoulas et al., 2002), but the exact time point is 
unknown. As such, a major limitation with this approach is that it was extremely labor 
intensive, required an extensive and time-consuming screen of both embryos and adult 
flies, and ultimately led to a low throughput. Next, I tested the hypothesis that dendritic 
defects, resulting from Dscam dysregulation, cause motor behavioral defects. The 
functional consequences of dendritic defects in the brain requires selective manipulation 
of dendritic structure only, without affecting other neuronal features, and subsequent 
quantitative read-out of neuronal function. Therefore, by utilizing the findings from my 
previous experiments, that targeted genetic manipulations of Dscam can be used to 
produce flight motoneurons with either more or fewer dendritic branches, I aimed to 
analyze functional consequences of correct and altered dendritic architecture formation in 
adult Drosophila motor neurons. The first experiment assessed parameters of stationary 
flight, functionality of the polysynaptic pathway of the giant fiber system, and firing 
patterns of the associated motor neurons. In the next experiment, flies were subjected to a 
flight task designed to elicit visually mediated flight neuromuscular responses. Based on 
previously published behavioral assays assessing the effects of optomotor input on flight 
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motoneurons firing patterns, I designed a custom testing apparatus with the hope of 
illuminating behavioral deficits that had gone unnoticed in standard tethered flight 
experiments. Taken together, these experiments assess the roles of Dscam in central 
neuron development through spatially controlled genetic manipulations, analyze the 
resulting consequences for the dendrite development in a quantitative manner on the 
single identified central neuron level, and finally, test the consequences of dendritic 
architecture defects for the firing patterns of an identified neuron during behavior. 
  
22 
CHAPTER 2 
DSCAM1 IS REQUIRED FOR NORMAL DENDRITE GROWTH AND BRANCHING 
BUT NOT FOR DENDRITIC SPACING IN DROSOPHILA MOTONEURONS 
Abstract 
 
Down syndrome cell adhesion molecule, Dscam, serves diverse neurodevelopmental 
functions, including axon guidance, synaptic adhesion, as well as self-recognition and 
self-avoidance, depending on the neuron type, brain region, or species under 
investigation. In Drosophila, the extensive molecular diversity that results from 
alternative splicing of Dscam1 into over 38,000 isoforms provides neurons with a unique 
molecular code for self-recognition in the nervous system. Each neuron produces only a 
small subset of Dscam1 isoforms, and distinct Dscam1 isoforms mediate homophilic 
interactions, which in turn, result in repulsion and even spacing of self-processes, while 
allowing contact with neighboring cells. While these mechanisms have been shown to 
underlie mushroom body development and spacing of mechanosensory neuron dendrites, 
here we report that Dscam1 does not play a role in adult Drosophila motoneuron dendrite 
spacing, but rather, is required for motoneuron dendritic growth. Targeted expression of 
Dscam-RNAi in an identified flight motoneuron did not impact dendrite spacing, but 
produced overgrowth. Increasing the knockdown strength severely reduced dendritic 
growth and branching. Similarly, Dscam mutant motoneurons in an otherwise control 
background (MARCM) were completely devoid of mature dendrites. These data suggest 
that Dscam1 is required cell-autonomously for normal adult motoneuron dendrite growth 
in Drosophila. This demonstrates a previously unknown role of Drosophila Dscam1 in 
central neuron development, which expands the current understanding that Dscam1 
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operates as a cell adhesion molecule that mediates homophilic repulsion. 
 
Introduction 
 Dendritic architecture provides the structural blueprint for functional neural 
circuitry (Koch and Segev, 2000; Cline, 2001; Libersat and Duch, 2004; London and 
Häusser, 2005). During development dendritic architecture is regulated by innate genetic 
factors  (Montague and Friedlander, 1989; Spatkowski and Schilling, 2003; Scott et al., 
2003), growth factors and hormones (Toran-Allerand et al., 1999; Weeks and Levine, 
1995; Cooke and Wooley, 2005), neuronal activity (Wong and Ghosh, 2002; Duch and 
Mentel, 2004; Vonhoff et al., 2013), guidance cues (Polleux et al., 2000; Kim and Chiba 
2004), and neuronal cell adhesion molecules (NCAMs; Williams et al., 2010). 
Correct dendrite development requires precise control over rates of growth and 
branching, territory borders, and the complete but non-redundant coverage of the 
territory. The latter requires that branches of each dendritic arbor be evenly spaced. Even 
spacing can be produced by repulsion among sister branches within a neuron, a 
phenomenon known as dendritic self-avoidance (Kramer and Kuwada, 1983; Kramer and 
Stent, 1985). However, in densely packed neuropils evenly spaced dendrites of one 
neuron must intermingle with the dendrites of other neurons. As such, mechanisms must 
exist to distinguish self from non-self dendrites.  
 In Drosophila, significant insights into self-recognition and self-avoidance have 
come from studies of the immunoglobulin (Ig) superfamily molecule Dscam1 (Down 
Syndrome cell adhesion molecule). Alternative splicing of Dscam1 produces over 38,000 
isoforms (Schmucker et al., 2000). Identical splice variants interact strongly and mediate 
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homophilic repulsion, but interactions between different isoforms are weak (Wojtowicz 
et al., 2007). Each neuron produces only 14-50 isoforms so that differential splicing 
provides a self-recognition code (for review Hattori et al., 2008). In Drosophila, 
numerous elegant studies demonstrate that Dscam1-mediated homophilic repulsion is 
essential for the even spacing of dendrites of mechanosensory dendritic arborization (da) 
neurons (Grueber et al., 2002; Sweeney et al., 2002; Hughes et al., 2007; Matthews et al., 
2007; Soba et al., 2007), and for correct dendritic patterning of olfactory projection 
neurons (OPN, Zhu et al., 2006). Likewise, vertebrate DSCAM governs dendrite self-
avoidance and mosaic tiling in the retina of mice (Fuerst et al., 2008; Fuerst et al., 2009).  
 However, additional Dscam functions have been reported for directing lamina-
specific synaptic connections in chick retina (Yamagata and Sanes, 2008), for interacting 
with netrins in axonal targeting (Ly et al., 2008; Andrews et al., 2008; Liu et al., 2009), 
for synaptic targeting via interactions with the FMRP protein (Cvetkovska et al., 2013; 
Kim et al., 2013), and for dendrite and spine morphogenesis in cortical pyramidal 
neurons (Maynard and Stein, 2012). 
 Here, we have utilized the well-described and stereotyped dendritic architecture 
of the identified motoneuron, MN5 (Vonhoff and Duch, 2010; Küehn and Duch, 2012; 
Vonhoff et al., 2013), to probe for the role of Dscam1 in Drosophila central neuron 
dendrite development. We provide evidence that Dscam1 does not affect motoneuron 
dendrite spacing but serves an essential, cell-autonomous function in new dendritic 
branch formation, thus adding a novel function of Dscam1 in Drosophila CNS 
development.    
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Materials and Methods 
Drosophila Stocks 
 Drosophila melanogaster were reared in 68-ml vials on a standard yeast corn 
meal medium at 25°C, with a 12-h light dark regiment and 60% humidity (Duch et al., 
2008). Male and female flies were used for experiments 1-2 days after eclosion. Gal4 
driver lines:  (1) ELAV (C155)-Gal4 was used for pan-neuronal expression, and (2) 
C380-Gal4, UAS-mcd8-GFP;; Cha-GAL80 was used to restrict transgene expression to a 
subset of motoneurons and some other unidentified neurons (Budnik et al., 1996; Sanyal 
et al., 2003; Sanyal et al., 2009). The Cha-GAL80 transgene inhibited expression in 
unidentified cholinergic sensory neurons and interneurons (Aberle et al., 2002), leaving 
expression in about thirty neurons per segment in the ventral nerve cord (Börner and 
Duch, 2010). Fly stocks for RNAi experiments were: UAS-Dscam-RNAi (36233, Vienna 
Drosophila RNAi Center), w1118, and UAS-Dcr2 (Bloomington 24650), which was co-
expressed with UAS-Dscam-RNAi to enhance transgenic RNAi effects (Dietzl et al., 
2007). Control data were derived from C380-Gal4, UAS-mcd8-GFP;; Cha-GAL80 
crossed to w1118 flies or UAS-Dcr2, both of which provide morphometric parameters in 
MN5 consistent with control strains that have been previously published (Vonhoff and 
Duch, 2010). Fly stocks for MARCM experiments were: hsFLP, C155-Gal4, UAS-
mCD8-GFP; FRT42D, tubP-GAL80/CyO (Matthews et al., 2007), FRT42D 
Dscam21/CyO (Hummel et al., 2003) and FRT42D Dscam47/CyO (Matthews et al., 
2007; generous gifts from Wesley Gruber, Columbia University, New York). 
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Intracellular Staining, Image Acquisition, and Geometric Reconstructions 
 Adult Drosophila were dissected and dye filled with sharp electrodes as described 
previously (Duch et al., 2008). For dendritic morphometric analysis, stacks of optical 
sections with 0.3 µm thickness and 1,024 x 1,024 pixel resolution were acquired on a 
Leica TCS SP5 confocal laser-scanning microscope with a 40x oil-immersion, 1.2 
numerical aperture lens. Cy3-streptavidin was excited at 568 nm (krypton laser) and 
emission was detected between 580 and 620 nm. Cy2 was scanned with an excitation 
wavelength of 488 nm (argon laser) with emission detected between 495 and 530 nm. 
Image stacks were further processed with AMIRA 4.1.1 software (TGS), and custom 
AMIRA plug-ins were employed for geometric dendrite reconstructions as previously 
published (Schmidt et al., 2004: Evers et al., 2005). For Sholl analysis the entire primary 
neurite was defined as tree origin, and the number of branches and total length were 
quantified within concentric spheres at 5-µm intervals (Vonhoff and Duch, 2010). 
 
MARCM analysis 
 We used mosaic analysis with a repressible marker (MARCM, Lee and Luo, 
1999) to produce Dscam mutant MN5 in an otherwise control background. For MARCM 
clones, we crossed hsFLP, C155-Gal4, UAS-mCD8-GFP; FRT42D, tubP-GAL80/CyO to 
FRT42D Dscam21/CyO or Dscam47/CyO. Females were provided with a freshly yeasted 
grape agar plate and allowed to lay eggs for 2 hours. MN5 is born embryonically 
(Consoulas et al., 2002), but the exact time point is unknown. Therefore, embryos were 
collected and allowed to develop at 19°C before a heat shock (37.5°C) was performed for 
one hour at a variety of different time points during embryonic development. MN5 was 
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visible in some preparations following heat shock after a 9 hr incubation (n = 5). The 
major limitation of this approach is a low yield. 
 We identified GFP-labeled clones by examining 1-day-old adult Drosophila 
under a fluorescence microscope. Selected preparations were immersed in cold saline (pH 
7.4), opened along the dorsal ventral midline, fixed with 4% paraformaldehyde for 50 
min and washed with PBS. Preparations were washed PBS with 0.5% Triton X-100, PBS 
with 0.3% Triton X-100, and incubated overnight with rabbit anti-GFP (diluted 1:200, 
Invitrogen:; A11122). After incubation with primary antibodies, the tissue was rinsed for 
several hours in PBS and incubated with Cy2-conjugated goat anti-rabbit (diluted 1:500). 
The tissue was then rinsed in PBS, dehydrated in an ascending ethanol series (10 minutes 
each in 50%, 70%, 90%, and 100%), cleared and mounted in methylsalicilate. 
 
Statistical Analysis 
 All statistical analyses were conducted with GraphPad Prism 6.0 (GraphPad 
Software Inc., La Jolla, CA). Independent samples t-tests were used to analyze total 
dendritic length and dendritic branches. Parameters from the Sholl analysis were 
analyzed using a two-way analysis of variance followed with Bonferroni post hoc tests, 
where applicable. All p-values < 0.05 were considered significant. Graphical 
representations were prepared using CorelDraw13 (Corel, Ottawa, Canada) and 
GraphPad Prism 6.0. 
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Results 
The mature MN5 is a large monopolar motoneuron that is located in mesothoracic 
neuromere of the adult Drosophila ventral nerve cord. It innervates the two dorsal most 
fibers of the contralateral dorsal longitudinal flight muscle (Ikeda and Koenig, 1988; 
DLM fibers 5 and 6, Fig. 1A). Each of the four ventral most DLM fibers is innervated by 
one motoneuron, namely MN1-4, with somata on the ipsilateral side of the ventral nerve 
cord. Its unique location makes MN5 unambiguously identifiable from animal to animal 
(Coggshall, 1978; Consoulas et al., 2002). MN5 has a complex dendritic tree (Fig. 1B) 
with more than 6.5 mm of total length and about 4000 dendritic branches (Duch et al., 
2008; Küehn and Duch, 2012). MN5 sister dendrites are evenly spaced, show no self-
contacts, and are distributed over 23 identifiable dendritic subtrees which tile the input 
territory, i.e. dendritic branches of neighboring subtrees do not interdigitate, a 
phenomenon referred to as intraneuronal tiling (Vonhoff and Duch 2010, see also Fig. 2).  
 
Targeted Dscam-RNAi knockdown in MN5 does not affect dendrite spacing but causes 
overgrowth 
 To test for a potential role of Dscam1 in motoneuron dendrite development we 
first sought to compare adult dendritic morphology of MN5 following Dscam-RNAi 
knockdown under the control of the motoneuron driver C380-GAL4, Cha-GAL80 (see 
methods) with controls (C380-GAL4, Cha-GAL80 crossed to w1118). Dscam-RNAi 
knockdown in MN5 (Fig. 2A) had no obvious effects on its characteristic overall shape or 
the dendritic territory borders, as compared to controls (Fig. 2C). Furthermore, MN5 
dendritic branches remained evenly spaced following Dscam knockdown and segregated 
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into identifiable dendritic subtrees that did not interdigitate. For visualization, the 
posterior dendritic subtrees are shown in different colors for a representative Dscam 
knockdown (Fig. 2B) and a representative control MN5 (Fig. 2D). Both Dscam-RNAi 
knockdown and controls displayed ten posterior dendritic subtrees of variable sizes and 
projection areas, which confirmed previously published analyses (Vonhoff and Duch, 
2010). Within each subtree the individual dendritic branches remained evenly spaced. 
Wrapping three-dimensional volumes around each dendritic subtree and rotating these in 
space demonstrated that each dendritic subtree innervated a separate neuropil space and 
that different subtrees did not overlap or interdigitate for both Dscam-RNAi knockdown 
(Fig. 2Bi, Bii) and controls (Fig. 2Di, Dii). Therefore, Dscam-RNAi expression in MN5 
had no effect on the overall dendritic shape, even spacing of dendrites, or intraneuronal 
tiling (Vonhoff and Duch, 2010) by different dendritic subtrees.  
 By contrast, quantification revealed significant increases of total dendritic length 
and branch numbers following Dscam-RNAi knockdown by about 25 and 40%, 
respectively (Fig. 2E). Sholl analysis revealed that these increases were caused by 
additional dendritic branches close to the primary neurite (between 5 and 20µm), but 
more distal dendrites were not affected (Figs. 2F,G). In summary, expression of Dscam-
RNAi in a subset of motoneurons did not affect dendritic spacing or intraneuronal tiling, 
but rather, caused significant increases in dendritic branching.  
 
Enhanced Dscam-RNAi knockdown does not affect dendrite spacing but impairs growth 
 Typically, RNAi resembles a loss-of-function phenotype, but cannot be counted 
on to produce a null phenotype. Although RNAi transgenes have been effective in 
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previous studies in the Drosophila nervous system (Yu et al., 2009), the knockdown 
efficacy in MN5 remained unknown. As such, we next increased the efficacy of the 
knockdown by co-expressing the UAS-Dscam-RNAi together with an extra copy of 
Dicer enzyme (UAS-Dcr2; Dietzl et al., 2007).  
Overexpression of UAS-Dcr2 alone under the control of C380-GAL4 had no 
obvious effect on MN5 dendritic shape (Fig. 3A), dendrite spacing, or intraneuronal 
tiling, nor did it affect total dendritic length or the number of dendritic branches as 
compared to controls (Fig. 3D, p > 0.2). By contrast, enhancing the efficacy of Dscam-
RNAi knockdown by inclusion of the UAS-Dcr2 always caused a reduction in the 
number of dendritic branches. This dendritic defect occurred with different severities. In 
40% of the preparations examined (n = 10 out of 25), we observed the normal number of 
23 dendritic subtrees within the adult MN5, which tiled the input space and did not 
interdigitate. Branches within each subtree were spaced evenly. However, total dendritic 
length and the number of branches were significantly reduced to about half of control 
values (Figs. 3B, D). Sholl analysis demonstrated significant reductions in the number of 
branches and total dendritic length in all distances between 10-30 µm from the primary 
neurite (Figs. 3E,F), a Sholl region that contains approximately 70 percent of all MN5 
dendrites (Vonhoff and Duch, 2010). The other 60% of MN5 preparations with co-
expression of Dscam-RNAi and Drc2 (n =15 out of 25) displayed a complete loss of all 
mature dendrites (Fig. 3C). Many densely packed lamellipodia-like and filopodia-like 
structures branched off the primary neurite, but few processes extended further than 20 
µm from the primary neurite. This phenotype was highly stereotyped between all 15 
preparations (compare Fig. 3C and 3G). To test whether dendrites ever formed during 
31 
development, we also dye filled MN5 at early stages of dendrite growth. Dendrite growth 
begins at pupal stage P5 (Vonhoff et al., 2013). Similar to our results in the adult, about 
60% of all pupal MN5s with Dscam-RNAi and Drc2 expression displayed only 
lamellipodia-like and filopodia-like structures, as depicted for representative fills of MN5 
at pupal stages P6 (Fig. 3H) and P9 (Fig. 3I).  
These data suggested a role for Dscam1 in motoneuron dendritic branch formation 
during normal development, which was not in accord with the current understanding that 
Dscam operates as a cell adhesion molecule that mediates homophilic repulsion. 
However, RNAi knockdown usually does not yield a complete loss of function 
phenotype. Accordingly, it remains unknown how much Dscam protein is left in MN5 
following knockdown, and how much protein suffices to mediate normal repulsion. In 
addition, despite inclusion of Cha-GAL80 to suppress expression in cholinergic neurons, 
C380 also expresses in about 30 unidentified neurons in the mesothoracic neuromere of 
the ventral nerve cord (Boerner and Duch, 2010). Therefore, our RNAi experiments do 
not exclude the possibility of indirect effects via loss of homophilic repulsion in other yet 
unidentified neurons. As such, we conducted two sets of experiments to address this 
question. First, we repeated RNAi knockdown experiments with an additional GAL4 
driver (D42; Sanyal, 2009) that expresses in many motoneurons and a set of about 40 
additional neurons in the mesothoracic neuromere, which are mostly non-overlapping as 
compared to C380-GAL4 expression patterns. These experiments yielded results 
comparable (data not shown) to those reported above for C380-GAL4, indicating that 
Dscam may exert direct action on normal motoneuron dendritic growth. Second, we 
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employed the MARCM technique to produce Dscam mutant MN5s in an otherwise 
normal Dscam background.  
 
Dscam mutant motoneurons have no dendrites 
To test whether Dscam was required in a cell-autonomous manner for normal 
motoneuron postembryonic dendritic growth, we produced mutant MN5s in a control 
background. We employed a heat shock flipase to induce homologous recombination at 
the time of MN5 birth. Since the precursor cell and the exact time point of MN5 birth are 
unknown, this strategy had a low yield with about 1 out of 100 animals carrying a mutant 
MN5 in a control-like background. However, we identified four animals with a Dscam47 
mutant MN5. Dscam47 carries a frame shift in the cytoplasmic domain, which in turn, 
causes modest loss of function (Matthews et al., 2007). All four MN5s displayed no 
dendrites, but rather, small stump-like processes branching of the primary neurite (Fig. 
4B). In addition we tested Dscam21, a strong loss of function allele for which no protein 
was detected in Western blotting (Hummel et al., 2003). Five Dscam21 mutant MN5s also 
had no dendrites, but both the somata and the primary neurites were surrounded by 
densely packed lamellipodia-like and filopodia like processes (Fig. 4C). This 
corresponded with the lack of dendrites in MN5 following targeted expression of Dscam-
RNAi and Drc2 (see Figs. 3C, G-I) suggesting that Dscam1 may be required for MN5 
dendrite growth in a cell-autonomous manner during normal development.  
While screening through hundreds of nervous systems in MARCM flies, we 
observed many additional unidentified neurons with similar dendritic phenotypes (Fig. 
4D-F). Some neurons had no dendrites at all (Fig. 4D) whereas others were devoid of 
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mature dendrites but showed clumped lamellipodia- and filopodia-like structures (Figs. 
4E, F), indicating that Dscam1 may play a central role in the dendritic branching of 
multiple different types of neurons in the Drosophila central nervous system.    
 
Chapter Summary and Discussion 
Our key finding is that Dscam1 may not be required for self-recognition, self-
repulsion, and even spacing of adult motoneuron dendrites, but rather, may be essential 
for dendritic growth and branching. This imparts a novel function to Drosophila Dscam1, 
which is commonly viewed as a neuronal cell adhesion molecule that operates via 
homophilic repulsion to mediate self-avoidance (Mathews et al., 2007; Soba et al., 2007), 
dendritic patterning (Zhu et al, 2006), and postsynaptic specificity (Millard et al., 2010). 
However, recent findings from mouse pyramidal neurons indicate functions of vertebrate 
Dscam in dendritic arbor growth and spine formation (Maynard and Stein, 2012). Our 
data indicate a conserved role of Dscam in central neuron dendritic arbor growth and 
branching.   
 
Dscam1 loss of function does not impair spacing but affects dendritic growth   
 Targeted expression of Dscam-RNAi in MN5 resulted in significant increases in 
dendritic branch number and total dendritic length without disrupting dendritic spacing or 
intraneuronal tiling. No dendritic crossings were observed, and the characteristic 
organization of MN5 into 23 identifiable dendritic subtrees, which tile the neuropil space 
and avoid interdigitation (Vonhoff and Duch, 2010), was not affected. These data 
indicated that Dscam might serve an alternative function in motoneuron dendrites (this 
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study) compared with mechanosensory neuron dendrites, where Dscam functions to 
space dendrites via homophilic repulsion (Hughes et al., 2007; Matthews et al., 2007; 
Soba et al., 2007). One major difference between sensory neuron dendrites and 
motoneuron dendrites is that the latter receive synaptic input.  
Recent findings demonstrate that Dscam protein levels serve as instructive codes 
for regulating axon targeting and arbor size, and further, that Dscam translation is tightly 
regulated by leucine zipper kinase and FMRP (Cvetkovska et al., 2013; Kim et al., 2013). 
Together with the inability of RNAi to produce a true null phenotype, these observations 
suggest that it would be difficult to isolate the observed dendritic overgrowth to 
reductions in Dscam protein in MN5. To address these limitations, we explored an 
alternative strategy to test for potential roles of Dscam in motoneuron dendritic growth. 
First, we enhanced the efficacy of the RNAi knockdown by co-expression of an extra 
Dicer enzyme (Dcr2, Dietzl et al., 2007). We considered this to be a promising technique 
because pan neuronal expression of UAS-Dscam-RNAi with UAS-Dcr2 under the control 
of Elav-GAL4 (C155-GAL4, Lin and Goodman, 1994) caused significant reductions in 
vitality (data not shown), similar to strong loss of function alleles in Dscam mutant flies 
(Hattori et al., 2007; Hummel et al., 2003), whereas pan neuronal expression of UAS-
Dcr2 alone has no obvious effect on vitality. Second, we generated Dscam single mutant 
MN5 neurons in a control background. Following enhanced Dscam-RNAi knockdown, 
60% of all adult MN5s were devoid of all mature dendrites. Similarly, all Dscam47 and 
Dscam21 mutant MN5s were devoid of mature dendritic branches. In some animals, 
dendrites were formed following targeted expression of Dscam-RNAi with Dcr2, but 
these possessed significantly fewer dendrites than controls. We conclude that significant 
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loss of Dscam function (60% of all animals with Dcr2;Dscam-RNAi, Dscam47, and 
Dscam21) prevented stable dendrites from being formed. Instead, dense filopodia-like and 
lamellipodia-like processes were observed along the primary neurite that represents the 
root of 23 elaborate dendritic subtrees in control MN5 (Vonhoff and Duch, 2010). We 
observed that these processes formed during pupal life, at early stages of dendrite growth 
(pupal stages 5-6, Vonhoff et al., 2013), but that these growth-cone-like structures never 
matured into dendrites. Therefore, we conclude that Dscam is required for the 
transformation of actin-rich filopodia into stable dendrites during early stages of dendritic 
growth. This might provide a possible explanation for the seemingly contradictory 
finding that mild Dscam-RNAi caused increased dendritic branching whereas stronger 
loss of function abolished new dendritic branch formation. If decreased Dscam function 
promoted dendritic filopodia motility, mild increases might cause more dendritic 
branches to be formed whereas strongly increased filopodia motility might prevent 
stabilization and new dendritic branch formation. 
 
Potential mechanism of Dscam action during early dendritic growth  
The mechanisms by which Dscam functions either in self-avoidance or in dendrite 
formation remain unknown on the cellular and the molecular level. In Drosophila, the 
tremendous molecular diversity of Dscam1 provides each neuron with its own cell 
surface identity (Neves et al., 2004). Biochemical evidence demonstrates homophilic 
binding among isoforms that share the same extracellular domain, but little to no 
interaction between other isoforms (Wojtowitcz et al., 2004). In neurons, interactions 
between identical Dscam isoforms promote contact-dependent repulsion (Wojtowitcz et 
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al., 2004; Wang et al., 2002). Contact-dependent repulsion among self-dendrites has been 
suggested to affect dendritic arbor size, and it is conceivable that self-avoidance among 
sister dendrites will promote elaboration though the receptive field (Zhu et al., 2006). 
Accordingly, loss of Dscam function causes smaller dendritic fields of Drosophila OPNs, 
whereas overexpression of Dscam results in more diffuse and wide spread dendrites (Zhu 
et al., 2006). Loss of Dscam function also caused reduced dendritic arbor growth in the 
early developing cerebral cortex (Maynard and Stein, 2012). However, a lack of self-
repulsion seems unlikely to underlie the filopodia- and lamellipodia-like phenotype 
observed for motoneuron dendritic growth in the present study, because dendritic surface 
as a substrate for contact repulsion is never formed. We can, of course, not exclude the 
possibility that actin-rich filopodia and lamellipodia during early stages of dendritic 
growth may exhibit cell-type intrinsic adhesive cues which are masked by the presence of 
Dscam protein during normal development, so that they are prevented from outgrowth in 
the absence of Dscam protein. However, this hypothesis is not consistent with our 
observation that a mild reduction of Dscam in MN5 (RNAi without extra Dicer) caused 
dendritic overgrowth. Therefore, we favor the idea that Dscam affects intracellular 
signaling pathways that regulate dendritic growth-cone dynamics, such as small Rho 
GTPase signaling (Van Aelst and Cline, 2004). The intracellular domains of fly and 
human Dscams interact with P21 activated kinase (PAK1, Schmucker et al., 2000; Li and 
Guan, 2004), which in turn, provides a possible mechanistic link to Rho GTPases and 
actin polymerization. Since PAK1 is not required for self-avoidance (Andrews et al., 
2008), it may be a candidate for Dscam mediated dendritic branch formation as described 
in this study, but this is currently speculation.   
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In summary, in both vertebrates and invertebrates Dscam serves a variety of 
different neurodevelopmental functions depending upon the neuron type and species 
under investigation. Together with recent data on Dscam function in developing 
pyramidal neuron dendrites in murine hippocampus and cortex (Alves-Sampaio et al., 
2010; Maynard and Stein, 2012), this study suggests a conserved function of Dscam in 
new dendritic branch formation during early stages of neuronal differentiation. 
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CHAPTER 3 
THE FUNCTIONAL CONSEQUENCES OF DENDRITE LOSS IN  
DROSOPHILA MOTONERONS 
Abstract 
Neurons establish diverse dendritic morphologies during development, and a major 
challenge is to understand how these distinct structures might relate to, and influence, 
neuronal function. The Drosophila identified flight motoneuron, MN5, displays an 
elaborate and well-characterized dendritic morphology. We have previously 
demonstrated that targeted genetic manipulations of Dscam1 can be used to produce 
MN5s with either more or fewer dendritic branches (Hutchinson et al., 2013). Here, we 
use this system to specifically test whether it is possible to relate dendritic architecture 
defects to resulting functional impairments in flight and male courtship song. To isolate 
impairments in function to dendritic architecture defects, we first confirmed normality in 
parameters of the giant fiber pathway, MN5 physiology and in well characterized geo- 
and phototaxis behavioral assays. Thus, we propose that general motor coordination, 
neuronal excitability, and function of the surrounding neural circuitry are not impaired by 
the specific genetic manipulations we utilized. However, targeted expression of the 
Dscam-RNAi construct with UAS-Dcr2 (Dcr2;Dscam-RNAi) produced dendritic defects 
with varying severity. A subset of these preparations exhibited a 50% reduction in total 
dendritic length and number of branches, while an additional subset displayed a complete 
loss of mature dendrites. Surprisingly, even without mature dendrites on MN5, 
Drosophila can fly, although MN5 firing frequency and total flight duration are reduced 
in a tethered flight assay. Given these data, we challenged male flies with a task that 
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required MN5 firing frequencies during flight to fluctuate with changing optomotor input 
(rotating stripes). In control flies, MN5 firing changed concurrent with stripe direction. 
By contrast, in animals exhibiting a complete loss of adult dendrites in MN5, changes in 
firing frequencies to rising and falling stripe patterns were strongly reduced. Similarly, 
analysis of mating song parameters revealed that flies with a complete loss of MN5 
dendrites can in principle produce both sine and pulse song, but show significant 
reductions in their ability to switch from sine to pulse song. This is reflected with 
significantly reduced mating success. These data indicate that basic motoneuron function 
is maintained even in the absence of all adult dendrites, but dendrites are required for 
adjusting motoneuron responses adequately to specific behavioral requirements.  
 
Introduction 
 Dendrites form the blueprint for wiring in the nervous system and give neurons 
their unique morphological characteristics (Cline, 2001; Libersat and Duch, 2004). The 
characteristic shapes of dendrites are not only hallmarks of neuronal identity but also 
define a neuron’s synaptic connectivity to neighboring neurons, and therefore, have a 
profound impact on network organization, circuit assembly and computation. 
Accordingly, possible functions of dendrites range from simply providing the structural 
substrate for synaptic input from presynaptic partners (Purves and Hume, 1981) to 
serving as highly compartmentalized units of molecular signaling and information 
processing in neurons (Gabbiani et al., 2002; Single and Borst, 1998; Branco and 
Häusser, 2010).  
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It is clear that dendrites are complex in both their morphologies and sophisticated 
functional repertoire, both of which seem indispensible for correct brain function. Indeed, 
dendritic abnormalities are highly consistent anatomical correlates of 
neurodevelopmental disorders such as Down-, Rett- and Fragile-X syndrome (Kaufmann 
and Moser, 2000). However, in many cases it remains unclear whether dendritic defects 
are the cause or the consequence of a disease. Determining the functional consequences 
of dendritic defects in the brain requires selective manipulation of dendritic structure in 
isolation from other neuronal features, and subsequent quantitative assessment of 
neuronal function in a behavioral context. In complex neuronal networks, it remains a 
daunting task to test for behavioral consequences resulting from dendritic defects in 
single neurons. Other network components might compensate for multifunctioning 
individual neurons (Turrigiano et al., 1994; 1998). Despite a plethora of work on 
input/output operation of neurons located in large-scale networks, such as cortical 
pyramidal neurons, it is mostly unknown what behaviorally relevant synaptic input and 
firing output actually look like (London and Häusser, 2005). As such, Drosophila 
provides an experimentally accessible genetic model system for selectively manipulating 
dendrite structure in specific identified motoneurons to assess their functional output.  
In one such neuron, MN5, homogeneity of dendritic structure (Vonhoff, Duch, 
2010; Küehn and Duch, 2012; Vonhoff et al., 2013) membrane properties (Duch et al., 
2008; Ryglewski and Duch, 2009; Ryglewski et al., 2012) and function in both flight and 
male courtship song (Ewing, 1968; Spieth and Ringo, 1983) have been described in 
detail. Together with our recent finding that targeted genetic manipulations of Dscam 1 
can be used to produce flight motoneurons with either more or fewer dendritic branches 
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(Hutchinson et al., 2013), we now use this system to specifically test the consequences of 
motoneuron dendritic phenotypes for motor behavior.   
 
Materials and Methods 
Drosophila Stocks 
 Drosophila melanogaster were reared in 68-ml vials on a standard yeast corn 
meal medium at 25°C, with a 12-h light dark regiment and 60% humidity (Duch et al., 
2008). Male flies were used for experiments 1-2 days after eclosion. The Gal4 driver line 
C380-Gal4, UAS-mcd8-GFP;; Cha-GAL80 was used to restrict transgene expression to a 
subset of motoneurons and some other unidentified neurons (Budnik et al., 1996; Sanyal 
et al., 2003; Sanyal et al., 2009). The Cha-GAL80 transgene was included to inhibit 
expression in unidentified cholinergic sensory neurons and interneurons (Aberle et al., 
2002), leaving expression in about thirty neurons per segment in the ventral nerve cord 
(Böerner and Duch, 2010). Fly stocks for RNAi experiments: UAS-Dscam-RNAi (36233, 
Vienna Drosophila RNAi Center), w1118, and UAS-Dcr2 (Bloomington 24650, Dietzl et 
al., 2007), which we co-expressed with UAS-Dscam-RNAi to enhance transgenic RNAi 
effects. Control data were derived from C380-Gal4, UAS-mcd8-GFP;; Cha-GAL80 
crossed to w1118 flies or UAS-Dcr2, both of which provide morphometric parameters in 
MN5 consistent with control strains that have been previously published (Vonhoff and 
Duch, 2010).  
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Intracellular Staining and Histology  
 Adult Drosophila melanogaster were dissected and dye filled with sharp 
electrodes as described previously (Duch et al., 2008). Briefly, MN5 could be identified 
unambiguously following expression of UAS-GFP under the control of the motoneuron 
driver C380-GAL4. The tips of thin-walled borosilicate electrodes (resistance of 75–95 
MΩ) with filament were filled with a mixture of 7% Neurobiotin (Linaris GmbH, 
Wertheim-Bettingen, Germany) and lysine fixable rhodamin-dextran 3000 (Invitrogen, 
Carlsbad, CA) in 2 M potassium acetate. To prevent dye dilution, an air bubble was left 
between the tip and the shaft. After intracellular penetration of MN5, the dye was injected 
iontophoretically by applying constant depolarizing current of 0.5 nA amplitude for 5-10 
minutes. Subsequently, the electrode was removed and the ganglia were fixed in 4% 
paraformaldehyde in phosphate-buffer solution (PBS, 0.1M, pH 7.4) for 50 minutes and 
washed in PBS. Preparations were washed in PBS with 0.5% Triton X-100, PBS with 
0.3% Triton X-100, and incubated with Cy3 conjugated to Streptavidin (diluted 1:1000). 
After overnight incubation, the tissue was rinsed for several hours in PBS, dehydrated in 
an ascending ethanol series (10 minutes each in 50%, 70%, 90%, and 100%), cleared and 
mounted in methylsalicilate. 
 
Extracellular Electrophysiology 
 Extracellular recordings and stimulation of distinct nerve and muscle cells of the 
giant fiber (GF) pathway were performed using methods previously described (Kadas et 
al., 2012). Briefly, a pair of uninsulated tungsten electrodes was used to penetrate the 
eyes or thorax, respectively. A similar electrode was used to record from the dorsal 
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longitudinal muscle (DLM). A fourth ground electrode was placed into the scuttelum 
(Tanouye and Wyman, 1980; Engel and Wu, 1992; Allen et al., 2000).  
 To assess GF circuit performance, single pulses of 0.15 ms were delivered. Each 
animal was subjected to four standard tests: short latency response, refractory period, 
following frequency, and following frequency 50%. For short latency response, five 
single pulses were given and measurements were taken from end of the stimulus pulse to 
the beginning of the evoked muscle response. The refractory period is the shortest time 
between twin stimuli that still produces two corresponding muscle responses. In the test 
for following frequency, a train of ten stimuli were given to the preparation at high 
frequency and the responses are recorded. The minimum frequency was recorded at 
which the muscle responded to all ten pulses. An alternative way of performing the test is 
to increase the stimulation episodes of the high frequency stimuli until the response rates 
fall below 50% (15 out of 30). This is described as the Following Frequency 50 (FF50) 
(Gorczyca and Hall, 1984), and is a measure of GFS synaptic fidelity. 
 
Voltage clamp  
 Measurement of both calcium and potassium currents were performed as 
previously described (Ryglewski and Duch, 2009; Ryglewski et al., 2012). Briefly, glass 
patch pipettes were pulled from borosilicate electrodes (resistance of 3.5 MΩ) without 
filament. For potassium current recordings, electrodes were filled with normal internal 
solution with the following composition (in mM): 140 Kgluconate, 2 MgCl2, 2 Mg-ATP, 
10 HEPES, 1.1 EGTA, glucose to adjust osmolality to 300 mOsm. For calcium current 
recordings, electrodes were filled with an internal solution with the following 
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composition (in mM): 140 CsCl, 2 Mg-ATP, 0.5 CaCl2, 1.1 EGTA, 20 TEA-Br, 0.5 4-
AP, 10 Hepes. All whole-cell currents were recorded at room temperature (∼24°C) from 
GFP-tagged MN5 somata in semi-intact Drosophila (Ryglewski and Duch, 2009). Patch 
clamp experiments were carried out with an Axopatch 200B amplifier (Molecular 
Devices, USA) digitized at 20 kHz (Digidata 1322A, Molecular Devices), filtered 
through a 5 kHz low-pass Bessel filter and recorded with pCLAMP 10.2 software 
(Molecular Devices). After break-in, 2 to 5 min were allowed for solution exchange prior 
to data acquisition. Only high quality recordings with little leak (input resistances ≥100 
MΩ) and good access (access resistances ≤12 MΩ) were accepted for data acquisition. 
 
Image Acquisition and Geometric Reconstructions 
 For dendritic morphometric analysis, stacks of optical sections with 0.3 µm 
thickness and 1,024 x 1,024 pixel resolution were acquired on a Leica TCS SP5 confocal 
laser-scanning microscope with a 40x oil-immersion, 1.2 numerical aperture lens. Cy3-
streptavidin was excited at 568 nm (krypton laser) and emission was detected between 
580 and 620 nm. Image stacks were further processed with AMIRA 4.1.1 software 
(TGS), and custom AMIRA plug-ins were employed for geometric dendrite 
reconstructions as previously published (Schmitt et al., 2004: Evers et al., 2005). For 
Sholl analysis the entire primary neurite was defined as tree origin, and the number of 
branches and total length were quantified within concentric spheres at 5-µm intervals (see 
Duch et al., 2008). 
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Behavioral Testing 
 For both negative geotaxis and phototaxis assays, one-day old adult male flies 
were collected under brief CO2 anesthesia and were sorted into groups of 5 flies per 
standard food vial. Flies were allowed to recover at least 18 hours at 25°C before 
behavioral assays were performed. To assess geotaxis, 5 male flies were transferred into 
the testing apparatus, which consisted of two empty polystyrene vials joined vertically 
with the openings facing each other. 8-cm was delineated on the apparatus by a circle 
marked around the circumference of the vial. After a 1-minute acclimation period, a 
testing trial began with a sharp tap of the testing apparatus on the table. The number of 
flies that climbed beyond the 8-cm mark within 10 seconds of the tap was recorded. Flies 
were assessed in 10 consecutive trials separated by 15 seconds of rest. The performance 
of the flies in a single vial was calculated as the percentage of flies to pass the 8cm mark 
averaged over 10 sessions. Data is represented graphically as a percentage per group (~10 
groups of 5 flies per genotype) with the standard error of the mean (SEM).  
 Phototactic behavior was assessed in a dark room, under red light. The apparatus 
consisted of two straight pieces of black vinyl tube fitted on two terminals of a T-joint. 
One tube was closed at the end. The other was fixed with a single white LED light. Five 
males flies were transferred into the testing apparatus by tapping them into a funnel fixed 
to the T-joint. Once the flies were in the T-joint, they had two choices of arms to enter; 
one was illuminated, while the other was dark. The illuminated arm was counterbalanced 
across trials. Flies were given 20 seconds to make their entry choice. Flies were assessed 
in 2 trials separated by 10 minutes of rest. The performance of the flies was calculated as 
the percentage of flies to collect in the illuminated arm averaged over the 2 trials. Data is 
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represented as a percentage per group (~10 groups of 5 flies per genotype) with the 
standard errors of the mean (SEM). 
 Tethered flight testing was conducted as previously described (Brembs et al., 
2007). Briefly, male flies were mounted to a triangle-shaped copper hook (0.02 mm 
diameter) under cold anesthesia. A droplet of UV-sensitive glue was applied between the 
head and notum and cured with 30 sec of UV irradiation. After recovery (1-5 hours), flies 
were suspended in in front of a polystyrene panel with a clamp and were illuminated 
from above and behind (150 W, 15 V; Schott, Elmsford, NY). Tarsal contact with a bead 
of polystyrene prevented flight initiation before the experiment started. To stimulate free 
flight, flies were subjected to air puff stimulation to begin the experiment, and also each 
time they stopped flying (Engel and Wu, 1992). When no flight reaction was shown after 
three consecutive air puff stimulations, the experiment was completed and the total flight 
time was recorded. Every stimulus after the first one, to which the fly showed a response, 
was recorded as the start of a new flight bout. The duration of each flight bout was 
recorded. The experimenter was blind to the treatment group of the animal. In a subset of 
preparations, extracellular recordings of MN5 were recorded by inserting small tungsten 
wires (20 µm diameter) into the dorsal most fiber of the DLM flight muscle.  
 To challenge the intact fly during flight, we used a modified version of a method 
described elsewhere (Lehmann and Dickinson, 1998; Lehmann and Dickinson, 1997). 
Here we present only a brief description of the experimental procedure. Male flies were 
mounted between the head and notum to a thin tungsten rod (0.01 mm diameter) using 
cyanoacrylate adhesive under cold anesthesia. The flies were allowed to recover for at 
least 30 min before testing commenced. The tungsten rod on the tethered fly fit into a 
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holder that suspended in the center of a rotating striped drum which was designed to 
match dimensions of previously described flight simulators (125 mm width x 120mm 
diameter, Lehmann and Dickinson, 1997). Vertical oscillation of a pattern of horizontal 
stripes at a 1.0 sec frequency elicited a rhythmic regulation of power output as flies 
increase thrust and lift in response to rising stripes and decrease thrust and lift in response 
to falling stripes, as previously described (Gordon and Dickinson, 2006). The stripe 
pattern was rotated uniformly with a stepping motor, alternating every 10 seconds 
between upward drift and downward drift, independent of the fly's behavior. To 
statistically evaluate the response to the moving stripes, we calculated the difference 
between the minimum and maximum frequency attained and also the duration (in sec) it 
took to increase from the minimum frequency to the maximum frequency.  
 
Statistical Analyses 
 All statistical analyses were conducted with GraphPad Prism 6.0 (GraphPad 
Software Inc., La Jolla, CA). Phototaxis and geotaxis were analyzed with one-way 
ANOVAs. Giant fiber and flight parameters were analyzed using Kruskall-Wallis 
ANOVAs followed by Dunn’s post hoc tests, where applicable. All p-values < 0.05 were 
considered significant. Graphical representations were prepared using CorelDraw13 
(Corel, Ottawa, Canada) and GraphPad Prism 6.0. 
 
Results 
Manipulations of dendritic architecture in Drosophila MN5 provide a tool for assessing 
the link between dendrite structure and function 
48 
 The mature MN5 is a large monopolar motoneuron that is located in mesothoracic 
neuromere of the adult Drosophila ventral nerve cord and uniquely identifiable from 
animal to animal (Coggshall, 1978; Consoulas et al., 2002). It is one of five motoneurons 
innervating the DLM (Ikeda and Koenig, 1988, Fig.1A), which provides the source of 
power for wing downstroke during Drosophila flight and male courtship song. The 
homogeneity of MN5 dendritic structure across animals has been well described, with 
control neurons showing more than 6 mm of total length and over 4000 dendritic 
branches (Duch et al., 2008; Vonhoff and Duch, 2010; Küehn and Duch, 2012; 
Hutchinson et al., 2013; Figs. 1B-D).  
 In a recent publication, we used the adult Drosophila as a genetic model system to 
produce MN5 with either more or fewer dendritic branches (Hutchinson et al., 2013). 
Briefly, targeted expression of Dscam-RNAi with UAS-Dcr2 (Dcr2; Dscam-RNAi) 
produced dendritic defects to varying severity (Hutchinson et al., 2013). A subset of 
theses preparations, those with dendrites, exhibited the normal number of 23 dendritic 
subtrees within the adult MN5, but also exhibited an average 50% reduction in total 
dendritic length and number of branches compared to controls (Fig. 1E). An additional 
subset displayed a complete loss of mature dendrites (Hutchinson et al., 2013; Fig. 1F). 
These manipulations suggest that we now have a unique system with which we are able 
to specifically test the functional consequences of manipulated dendritic architecture. 
 These experiments utilized GAL4-directed expression of a Dscam-RNAi as a tool 
to assess the role of dendritic architecture in motor function (Hutchinson et al., 2013), 
which allows for tissue-specific expression of transgenes depending on the local 
environment of the GAL4 gene. To ensure that observed changes in neuron output relate 
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specifically to dendritic defects and not to possible defects in the muscle, the 
electrophysiological properties of MN5, or the surrounding neural circuitry, we 
conducted a series of control experiments to exclude such additional defects. First, we 
confirmed that no defects were present in the size of the six DLM muscle fibers, nor were 
there defects at the point of innervation by axonal arborizations from the flight 
motoneurons MN1-5. Second, to account for possible general defects in vision or higher 
motor control centers resulting from expression of the GAL4 drivers in unidentified 
neurons of the brain, a phototaxis assay confirmed normal positive phototactic behavior 
and a climbing test ensured normal locomotor performance in all cases (Fig. 2A). 
 Next, we conducted a series of experiments aimed to exclude the possibility of 
off-target defects in MN5. To do so, intrinsic membrane properties of MN5 were 
assessed in preparations with the strongest dendritic defects as shown in Figure 1F. 
Complete loss of dendrites was confirmed by intracellular labeling with rhodamin-
dextran through the patch pipette. Voltage clamp recordings showed that targeted 
expression of Dcr2;Dscam-RNAi in MN5 did not affect voltage-gated current 
characteristics. In fact, in situ voltage clamp recordings from MN5 soma revealed that 
total transient (Fig. 2B) and sustained (Fig. 2C) potassium currents, as well as transient 
low voltage activated (LVA) calcium currents (Fig. 2D, red traces), and non-inactivating 
high voltage activated (HVA) calcium current (Fig. 2E, black traces) were 
indistinguishable from control currents in the present study (data not shown) as well as 
previously published control currents (Ryglewski and Duch, 2008; Ryglewski et al., 
2012).  
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 Next, in order to test for possible defects in neuromuscular transmission and 
action potential propagation in MN5 without dendrites, we used the giant fiber (GF) 
system. In wild-type flies, the adult GF are seen as large bilaterally symmetrical neurons 
that project from the brain to the thoracic ganglia (Fig. 3A). The axons projects 
posteromedially and extend through the cervical connective into the mesothoracic 
neuromere. The GFs relay excitation from the brain to at least two identified neurons: the 
large tergotrochanteral motoneuron (TTMn) that drives the leg extensor muscle (TTM) 
and the peripherally synapsing interneuron (PSI). The GF to PSI connection is via a 
mixed chemical and electrical synapse. The PSI then synapses directly by cholinergic 
chemical transmission onto the axons of the DLM motoneurons (King and Wyman, 
1980). Since the primary role of the giant fiber circuit is to initiate escape behavior, the 
PSI bypasses the entire dendritic structure of MN5, thereby minimizing the delay to DLM 
activation by generating a postsynaptic action potential distally in the axon, which then 
travels along the axon of MN5 to its target muscle fiber. The pathway efferent to GF 
(PSIs, motoneurons, and target muscles) delivers signals stereotypically due to its unique 
architecture and synaptic connections (Tanouye and Wyman, 1980; Gorczyca and Hall, 
1984). As such, the GF system can be used as an assay to test for changes in synaptic 
transmission at central cholinergic synapses to flight MNs, the glutamatergic 
neuromuscular synapse, and action potential propagation along flight MN dendrites, and 
simultaneously eliminates the impact of dendritic architecture. 
 Here, the function of GF-DLM pathway was assessed by electrically stimulating 
the GF neurons in the brain and recording from the target muscles (distal DLM fibers 5 
and 6; Fig 1A; Coggshall, 1978; Tanouye and Wyman, 1980; Ikeda and Koenig, 1988; 
51 
Engel and Wu, 1992; Sun and Wyman, 1997). Because we were systematically recording 
from the distal DLM fibers 5 and 6, which are innervated by MN5, muscle recordings 
reflect the output of MN5. Four characteristics were used to assess synaptic function: 
short latency response, refractory period, following frequency, and following frequency 
50% (see Materials and Methods). In control flies, responses were similar to those 
previously characterized for wild-type (Tanouye and Wyman, 1980; Thomas and 
Wyman, 1982; Gorczyca and Hall, 1984), with an approximate 1.8 msec latency of the 
disynaptic pathway (Figs. 3B,F), a corresponding refractory period of 3.5 msec (Figs. 
3D,G), and an intact following at 200 Hz (Figs. 3C,I). Figs. 3B-E shows sample 
recordings from representative individuals. Importantly, data from controls were similar 
to those measured from flies targeted with Dcr2;Dscam-RNAi. Indeed, for Dcr2;Dscam-
RNAi, stimulation of GF neurons generated an action potential with a response latency of 
~1.7 msec (Fig. 3F) and a refractory period of ~4.5 msec (Fig. 3G). Further, the DLM 
neuromuscular junction responded with high fidelity to trains of high frequency 
stimulation (following frequency, FF50, Figs. 3H,I). As such, we presume that the GF-
DLM circuitry, including the conduction of an impulse along the giant fiber neuron that 
leads from the head to the thorax, transmission across electrical and chemical synapses 
that connect the GF to MN5 and, finally, activation of the neuromuscular junctions, do 
not appear to be detrimentally affected by Dscam-RNAi. 
 
Flight deficits associated with a loss of dendrites 
 Having established that the neuron and surrounding neural circuitry remain intact, 
we next sought to determine whether the severe dendritic architecture changes were 
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accompanied by functional changes in motor behavior. To our knowledge, no previous 
studies have investigated to what degree flight behavior is dependent upon dendritic 
architecture in flight motoneurons. We first tested the impact of Dscam-RNAi-induced 
alterations in motoneuron dendritic architecture with a simple tethered flight assay, which 
has been previously established to assess overall flight performance (Brembs et al., 
2007). Previous experiments show that a puff of air to the adult fly elicits a typical firing 
pattern associated with flight (Engel and Wu, 1992). After air puff stimulation, we 
counted the number of times a flight bout could be initiated, the average duration of each 
flight bout, and the total flight duration. First, the likelihood to engage in fight was not 
affected by dendritic alterations. In contrast, flies with severe dendritic defects were 
unable to elicit as many flight bouts as their control counterparts, but the average duration 
of each flight bout was similar among all groups (Figs. 4A,B). Consequently, the average 
total flight duration was reduced by approximately 50% in animals with severe dendritic 
defects (Fig. 4C).  
 A subset of animals were subjected to air puff stimulation and the resulting MN5 
firing pattern was recorded from the DLM during flight. In control flies, a significantly 
higher spike frequency was observed during flight (Figs. 4D,E). Preparations targeted 
with Dcr2;Dscam-RNAi showed extensive variability in their firing patterns during flight 
(Fig 4E). For all preparations shown, corresponding dendritic phenotypes were confirmed 
by intracellular fills following extracellular recordings during tethered flight. In some 
cases, we were able to perform bilateral dye fills within a single animal and found that 
each is capable of possessing a distinct structure, so that within a given animal, some of 
the ten DLM flight motoneurons (MN1-5 on both sides) might have reduced dendritic 
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trees, while others have no dendrites at all. Based upon our observation that reduction in 
Dscam by targeted expression of Dcr2;Dscam-RNAi produced dendritic defects to 
varying severity (Hutchinson et al., 2013), and that often these phenotypes vary within a 
given preparation, in subsequent experiments, data from individual MN5 were grouped 
by dendritic phenotype prior to performing analyses. 
 Despite differences in flight maintenance, MN5 firing patterns and dendrite 
morphology, it has to be noted that all animals were able to fly and MN5 often showed 
normal activity patterns, even in cases when all MN5 dendrites were absent. However, in 
our tethered flight paradigm, flies are not required to sustain hovering flight, nor are they 
required to support their own weight. In a variety of studies utilizing flying insect models, 
tethering has been shown to interrupt sensory feedback loops and produce sub-maximal 
flight efforts (Dudley and Ellington, 1990; Kutsch et al., 1999; Zarnack and Wortmann, 
1989). As such, we performed a set of experiments in which flies would be challenged by 
a task that requires the constant update of behavioral responses depending on fluctuating 
visual input. The so-called optomotor behavioral responses that are elicited in response to 
vertical rotation of a visual stimulus serve to reduce the velocity of the visual flow across 
the fly’s retina. At the same time, neuromuscular output is highly regulated as necessary 
(Lehman and Dickinson, 1997). In flight, the moving stimulus should elicit the same 
behavior in tethered flies as in untethered ones (Gotz, 1964; Heisenberg and Wolf, 1984).  
 In the present experiment, flies were tethered inside a rotating drum that presented 
a vertically oscillating stripe pattern (Fig. 5E) and we simultaneously recorded the 
motoneuron firing frequency from identified muscle fibers. Previous studies utilizing a 
similar task report that flies increase or decrease wing beat frequency in concert with 
54 
mechanical power output in response to upward and downward motion of a visual 
stimulus (Gordon and Dickinson, 2006). Vertical oscillation of the horizontal stripes 
across the flies’ visual field elicited a rhythmic pattern in controls with increased firing in 
response to rising stripes and decreased firing in response to falling stripes, producing a 
sinusoidal response curve (w1118, Figs. 5A, 6A; Dcr2, Figs. 5B, 6B). This pattern is similar 
to what has been found in previous experiments (Gordon and Dickinson, 2006), thereby 
increasing and decreasing power/lift according to the stripe direction. One subset of the 
preparations, those with dendrites, show control-like rhythmic firing patterns which 
closely adjust to changing optomotor demands (Figs. 5C, 6C). However, the rate of 
increase in firing frequency to rising stripes is slightly reduced from controls (Fig. 5F). 
For those with a complete loss of mature dendrites, animals maintain flight but firing 
patterns in MN5 are highly variable, even showing periods of no activity at low 
frequency (Fig. 4E). Further, these animals only produce moderate changes in MN5 
firing frequency to the visual stimuli (Figs. 5D, 6D), with responses to rising stripes 
reduced to 80% of controls (Fig. 5G). When these responses occur, the duration from 
minimal to maximal firing frequency in response to the stripes is significantly increased 
(Fig. 5F). Interestingly, the periodicity of the firing patterns correlated well with dendritic 
phenotype (Fig. 6), and was particularly apparent in preparations whose MN5 displayed a 
complete loss of adult dendrites (Fig. 6D).   
 Contractions of the DLM are needed during male courtship song, as in flight, to 
produce wing downstroke (Ewing, 1977). Courtship songs alternate between sine and 
pulse songs (Ewing and Bennet-Clark, 1968; von Schilcher, 1976). In Drosophila, correct 
pulse song intervals are thought to motivate species recognition and thus prezygotic 
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isolation (Hall et al., 1994). Mating success is dramatically reduced by the elimination of 
song (Ewing, 1964; Robertson, 1982; von Schilcher, 1976; Kyriacou and Hall, 1982, 
1986). In the present study, we tested the consequences of impaired MN5 dendritic 
structure on male courtship song and mating. Data from the aforementioned experiments 
are not included in this dissertation because they were conducted by Dr. Carsten Duch 
and students in his new lab at The Johannes Gutenberg University of Mainz in Germany. 
However, the conceptual framework for these experiments arose from work contained in 
this dissertation. As such, I will briefly summarize these findings in the context of my 
dissertation. First, even male flies lacking adult dendrites in bilateral MN5 were able to 
produce both components of courtship song when presented with a virgin female fly. 
However, in control flies the mating success within 20 minutes was 95 % (n=60), 
whereas following targeted expression of Dcr2;Dscam-RNAi under the control of C380-
GAL4; Cha-GAL80 showed a significant reduction in mating success within 20 minutes 
(10 %, n=30). Based upon our observation that reduction in Dscam by targeted 
expression of Dcr2;Dscam-RNAi produced dendritic defects to varying severity 
(Hutchinson et al., 2013), and that often these phenotypes vary within a given 
preparation, a subset of 10 flies was first tested for mating success, and then we 
performed bilateral intracellular dye fills of MN5. Four flies that showed mating success 
within 20 minutes (on average after 8.4 ± 1.3 minutes) had MN5s with reduced dendritic 
arbors, but all MN5s (n=8) had dendrites. By contrast, an additional six flies failed to 
mate within 20 minutes. In these flies, both MN5s showed a complete loss of mature 
dendrites in bilateral MN5s. However, all 10 flies engaged into courtship song for normal 
durations. Independent of mating success and dendritic phenotype, all male flies engaged 
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in song within the courtship chamber for 20 to 24 percent of the test duration, on average. 
These findings suggest that all flies can sing, but in flies without flight motoneuron 
dendrites, the song is associated with reduced mating success. 
 Next, we assessed the mating success as a function of specific changes in song 
patterns and structure that are caused by a lack of dendrites in MN5. Courtship song was 
recorded with a custom miniature microphone, and was subsequently digitized and 
analyzed with Spike2 software (Cambridge Instruments). While experiments are 
currently ongoing, we have made a number of preliminary observations. First, the 
complete loss of mature dendrites following the targeted expression of Dcr2;Dscam-
RNAi does not affect normal sine or pulse song sequence production. However, the 
proportion of sine to pulse song is considerably transformed. Specifically, these flies 
spend significantly more time producing sine song and significantly less time producing 
pulse song compared to the subset of flies expressing Dcr2;Dscam-RNAi that still 
possess mature dendrites or to the control counterparts. Careful inspections of the 
individual song traces show that control flies typically start with sine song, then switch to 
pulse song sequences. By contrast, flies with a loss of mature dendrites on their flight 
motoneurons spend the same total time singing but struggle to switch from sine to pulse 
song. Instead, these flies perform sine song for extended periods of time. As a result, the 
average sine bout duration is increased threefold. Together, these preliminary findings 
corroborate our previous hypothesis that flight motoneurons must still receive synaptic 
input from premotor neurons, but that mature dendrites are necessary to accommodate the 
complexity of switching from sine to pulse song. In the absence of dendrites, this switch 
occurs as a significantly reduced frequency, which results in a considerable reduction in 
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mating success. Thorough quantitative analyses of song structure are currently underway. 
 
Chapter Summary and Discussion 
 In this work, through analysis of dendritic morphology, flight behavior and 
physiology, we demonstrate that moderate performance during flight and male courtship 
is not dependent on intact dendritic architecture in the identified adult motoneuron, MN5, 
whereas more challenging tasks rely on intact dendritic architecture. While the 
morphologies of MN5 have been described in great detail previously, here we establish a 
direct link between dendritic structure and neuronal function at the level of the single 
cell, thus defining the structural substrates necessary for conferring various aspects of 
functional motor output.  
 In various systems, dendrites perform highly sophisticated functions. The extent 
and pattern of dendritic branching determines the range and scope of synaptic inputs a 
neuron can process. The size and complexity of the dendrites appear to correspond with 
neuron function (Elston, 2000; Poirazi and Mel, 2001). For example, compared with 
cortical neurons involved in relatively simple sensory processing tasks, much more 
complex dendrites are associated with pyramidal neurons responsible for associating 
sensory and motor input in learning and memory (Elston and Rosa, 1998; Elston et al., 
1999; Elston, 2000; Poirazi and Mel, 2001). Until relatively recently, however, it has 
been difficult to connect potential function of a neuron with the dendrite morphologies 
they possess. In our analysis, we were able to selectively manipulate dendrite structure at 
the single-cell level in isolation from other neuronal features and without influencing the 
surrounding neural circuitry. We conducted a number of control experiments to isolate 
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structural defects and were able to show that ionic currents in MN5, synaptic 
transmission via the GF pathway and from MN5 to the muscle, and both photo- and 
negative geotactic behavior were normal in MN5s lacking dendrites. Our key finding is 
that dendrites are not required for basic motoneuron function, but rather, dendrites are 
required for adequately adjusting motoneuron responses to specific behavioral 
requirements.  
 
Behavioral analyses reveal strong correlations between morphological changes and 
optomotor response deficits 
 Flies display a remarkable repertoire of complex flight behaviors mediated by 
visual pathways and feedback systems (Frye, 2007; Tammero and Dickinson, 2002; 
Wagner, 1986). As such, efficient flight likely requires substantial intact motor skill and 
strong coordination of sensory input and motor output. Our findings that flies expressing 
enhanced Dscam-RNAi in motoneurons show normal flight initiation likelihood, but 
cannot sustain flight are in accord with specific dendritic defects in MN5. In Drosophila, 
takeoff can be mediated by the GF neural circuitry. This circuitry bypasses flight 
motoneuron dendrites by synapsing directly on MN5 axon, but it relies on normal 
synaptic transmission and flight motoneuron physiology (Allen et al., 1998). Therefore, 
initial takeoff and initial motoneuron firing are not affected by dendritic defects. By 
contrast, flight cannot be sustained to normal degrees because the significantly reduced 
dendritic surface likely reduces the excitatory synaptic drive to motoneuron dendrites that 
is necessary to stay in flight (Duch and Mentel, 2004). Therefore, flies with Dcr2;Dscam-
RNAi-caused motoneuron dendritic defects show a severe reduction in flight duration. 
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 Measurements in the flight simulator also revealed differences for animals 
targeted with Dcr2;Dscam-RNAi compared with controls. Most of these animals could 
both fly and respond well to the vertical oscillation of horizontal stripes, eliciting a 
rhythmic pattern of firing as flies increased lift in response to rising stripes and decreased 
lift in response to falling stripes. As such, the lower overall firing frequency does not 
impact their ability to produce the necessary neuromuscular adjustments for changing 
optomotor demands. In contrast, preparations completely devoid of adult dendrites show 
impairments in their ability to respond to stripe movement. Whereas a reduction in the 
animals’ visual perception or locomotor capacity could explain the observed defects in 
optomotor responsiveness, these possibilities seems unlikely given that all groups 
produced successful photopositive and fast geotaxis responses. Also, we did not make a 
quantitative measurement of muscle mass in each individual, so we cannot completely 
exclude the possibility that some of the differences in the performance of mutant and 
control flies was due to differences in the relative size of the IFM in different lines. 
However, we target our manipulations with neuronal GAL4 drivers that should leave 
muscle fibers unaffected and our data suggest that the muscle is normal. Additionally, 
analyses of axon terminals among strains support the notion that differences among lines 
result from alterations associated with the dendrites rather than from effects due to 
differences in the muscle.  
 Given the strong dendritic defects in MN5 targeted with Dcr;Dscam-RNAi, it is 
quite surprising the extent to which these neurons participate during sustained flight. 
There are a few cases in which the neuron begins to fire and then fails, or simply does not 
respond. However, the majority of MN5 continue to participate despite demonstrated 
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reductions in dendritic branches. Altered synaptic connections onto the dendrites must 
coincide with these dendritic defects. The dendritic tree comprises far less surface area 
and thus clearly less space for putative synaptic contact. Further, in the absence of all 
adult dendrites from a neuron that continues to fire, synaptic contacts must be 
redistributed to the primary neurite. In a recent seminal study, Fuerst et al., (2009) 
examined synaptic connections in mouse retina following knockdown of Dscam. While 
loss of Dscam caused severe clumping of the retinal ganglion cells into large aggregates 
and the fasciculation of dendrites in dense bundles, mutant cells still synapse with the 
appropriate partners. These findings suggest that normal dendrite morphology is not 
required to specify synaptic connections. In the present study, synapse location is likely 
altered, but the appropriate cells must still be able to find one another and establish 
functional connections. Because the influence of synaptic inputs depends on their number 
and location, it is very possible that alterations in MN5 function arise, at least in part, 
from reduced computational power of the highly complex three-dimensional structure in 
the absence of dendrite surface area, or simply from the rearrangement of inputs. Thus, 
during a flight challenge, cells with few to no dendrites can still fire, but lose the capacity 
to modulate motor output to changing behavioral demands. 
  In a normal fly, the nervous system must combine descending information with 
phasic input from thoracic mechanoreceptors so that the visual circuits activate 
neuromuscular adjustments during flight. How the neural circuitry might accomplish this 
critical feat when the substrate for synaptic input has been compromised remains to be 
seen. If many branches are eliminated, how does this affect MN5’s connection with 
presynaptic partners? Though beyond the scope of this dissertation, this question is very 
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important and answering it will greatly enhance our understanding of the relationship 
between neuronal structure and function. We have previously demonstrated that MN5 
possess approximately 112 contacts with identified mechanoreceptive afferents from the 
wing muscle across its vast dendritic field. As such, future studies will identify, localize 
and quantify the juxtaposition of presynaptic sites to the affected dendritic arbors in MN5 
with reduced dendritic arbors.   
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CHAPTER 4 
GENERAL SUMMARY AND DISCUSSION 
 The structure of neurons and the interconnected networks they create are critical 
to brain function. Each neuron has an elaborate morphology and a unique constellation of 
presynaptic contacts that are central to its function. Deciphering how such complex cell 
morphologies and networks form and how they correspond with neuron output are salient 
questions and may also be critical to our future understanding of numerous common 
neurodevelopmental disorders. Dendritic morphology is a hallmark of a neuron’s cell 
type identity, and their structure, though highly diverse, often exhibits specific 
characteristics. For example, many arbors appear to spread across their territory, 
minimizing overlap between processes from the same cell. This phenomenon, known as 
self-avoidance, has been most observed in two-dimensional arbors, like those that 
innervate the epidermis of the leech (Kramer and Kuwada, 1983; Kramer and Stent, 
1985) or the Drosophila larval body wall (Grueber et al., 2002; Grueber et al., 2003b; 
Sugimura et al., 2003). Despite differences in molecular diversity, Dscam confers self-
avoidance in both vertebrate and invertebrate neurons (Hughes et al, 2007; Matthews et 
al., 2007; Soba et al., 2007; Fuerst et al., 2008; Yamagata and Sanes, 2008). In addition to 
its role in self- avoidance, additional functions of Dscam have been recently reported. For 
instance, Dscams bind the heterologous ligand netrin to function in axon guidance 
(Ahmed et al., 2011; Liu et al., 2009; Ly et al., 2008), serve a role in synaptic targeting 
via interactions with the FMRP protein (Cvetkovska et al., 2013; Kim et al., 2013), and 
are central to dendrite and spine morphogenesis in cortical pyramidal neurons (Maynard 
and Stein, 2012). Together, these studies not only suggest that Dscams are highly 
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important neurodevelopmental proteins whose many functions appear to underlie critical 
mechanisms of neuron morphogenesis, but provide a compelling argument for further 
dissecting the role of Dscam. 
 The advent of genetic insect models such as Drosophila melanogaster has 
bolstered the study of neuron structure and corresponding functional output by providing 
a powerful approach to assessing these complex processes in intact systems. The 
experiments described in this dissertation have taken advantage of the genetic tools and 
ease of observation that come with Drosophila and propose a novel contribution of 
Dscam to dendrite growth in a highly complex adult central neuron. I first investigated 
the role of Dscam in regulating dendrite arborization in the Drosophila motoneuron, 
MN5, and demonstrate that targeted reduction of Dscam causes significant defects in 
dendrite arborization, including abnormalities in dendrite branching, and dendrite 
elongation. Findings in Chapter 2 also propose a previously unreported cell-autonomous 
role for Dscam in normal adult Drosophila motoneuron dendrite growth.  
 The tools and observations from the manipulations of dendritic architecture in 
Chapter 2 were subsequently used to link dendritic architecture structure with function of 
the neuron and surrounding circuitry. Chapter 3 assessed the functional consequences of 
dendritic defects through the selective manipulation of dendrite structure. To do so, I 
utilized Dscam as a tool in our Drosophila model to selectively manipulate dendritic 
structure in a subset of identified flight motoneurons, and then assessed MN5 firing and 
neuromuscular function. The key finding is that basic motoneuron function is maintained 
even in the absence of all adult dendrites, but dendrites are required for adequately 
adjusting motoneuron responses to specific behavioral requirements. Together, the 
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experiments in this dissertation provide the first exploration into the consequences of 
altered dendrite growth in MN5 on motor behavior and provide two surprising and novel 
conclusions. First, Dscam may not be required for self-recognition, self-repulsion, and 
even spacing of adult motoneuron dendrites, but rather, may have an essential conserved 
role in central neuron dendritic arbor growth and branching. As well, mature dendrites 
are not necessary for basic motoneuron function, but rather, their presence seems to 
impart the neuron with a capacity to modulate output to changing behavioral demands. 
As such, the findings from these studies indicate a complicated relationship between 
neuron structure and functional outcomes and lay the groundwork for exciting future 
directions in the field.   
 It is thought that the extensively branched dendritic arbor is critical for integrating 
a large number of diverse synaptic inputs to generate appropriate motor behavior that is 
useful for the animal. Indeed, a number of mutations affecting dendritic development 
have been identified thus far and many of the animals exhibit deficits in motor behavior 
(Lalonde and Strazielle, 2007). An overarching goal of this research is to establish a 
direct connection between dendritic architecture and neuron output. To this end, it will be 
an important future goal to assay motoneuron function in the absence of dendrites in even 
more challenging behavioral tasks. Our current experiments utilize tethered flight, which 
has been reported to elicit submaximal efforts from the animal. For instance, tethered 
locusts reportedly have lower wingbeat frequencies than free flyers (Kutsch and 
Stevenson, 1981; Kutsch et al., 1999), and others have relative lift values that are less 
than should be required to support body mass (Kutsch and Gewecke, 1979). In Manduca 
sexta, the rate of oxygen uptake is reduced by one-half (Heinrich, 1971), and in 
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Drosophila, tethering can lead to underestimation of peak flight performance (Lehmann 
and Dickinson, 1997). In contrast, free flight requires precise, elaborate and well-
choreographed motor behavior while supporting and maneuvering their own body 
weight. Many insects must perform elaborate aerial flight maneuvers in order to avoid 
predators, feed, secure territories and mate. Even in less-sophisticated forms of flight, 
animals must still modulate force production in order to take off, land and avoid 
collisions. Maneuverability during free flight involves the controlled modulation of 
aerodynamic forces, which insects can accomplish through changes in stroke frequency 
and amplitude. Complex free flight behaviors are very rapid and intrinsically three-
dimensional, which necessitates the use of automated high-speed imaging. As such, 
future studies will investigate free flight using a fully automated tracking system that 
estimates the complete wing and body posture during free flight followed by 
sophisticated analysis, both of which are beyond the scope of this dissertation. 
 Future research should also continue to investigate the nature of neuron 
morphogenesis within native environments and the molecular mechanisms involved. As 
well, we must cultivate our understanding of the novel role of Dscam in establishing and 
stabilizing functional dendrites and characterize the intracellular signaling molecules and 
mechanisms that link Dscam to changes in dendrite arborization. It is possible that Dscam 
is imparting its effects through intracellular signaling pathways that regulate dendritic 
filopodia, lamellipodia and dendritic growth-cone dynamics such as small Rho GTPase 
signaling (Van Aelst and Cline, 2004). The intracellular domains of fly and human 
Dscam interact with P21 activated kinase (PAK1) and activate both JNK and p38 MAP 
kinases (Schmucker et al., 2000; Li and Guan, 2004). The PAKs are among the most 
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studied effectors of the Rho family of GTPases, which are known to be key regulators of 
the cytoskeletal dynamics underlying dendrite morphogenesis. While both Drosophila 
and human DSCAM interact with Pakl, Drosophila Dscam binds Pakl through the 
adaptor molecule Dock, and human DSCAM binds Pakl directly. Additional support for 
the interaction between DSCAM and Pakl comes from evidence that DSCAM-mediated 
netrin-1 signaling increases the phosphorylation of Pakl as well as the Src family kinase, 
Fynl (Liu et al., 2009). While the role of PAK1 in Dscam-mediated neurodevelopmental 
processes is unknown, it could provide a mechanism for dendrite patterning via Rho-
GTPase signaling. PAK1 is also not required for self-avoidance in Drosophila, and it 
may therefore be a better candidate for other DSCAM functions, such as dendrite growth 
(Andrews et al., 2008; Hughes et al., 2007).  
 In attempting to gain further insight into downstream components involved in the 
Dscam pathway, it is may also be important to consider aspects of Dscam's protein 
structure which may shed light on possibilities for Dscam to interact with other proteins. 
For instance, the C-terminus of Dscam is conserved and contains a putative PDZ (PSD-
95/SAP90, Discs-large, ZO-1) binding domain. The structural features of PDZ domains 
enables them to mediate specific protein-protein interactions that underlie the assembly 
of large protein complexes involved in signaling or subcellular transport (Bilder, 2001; 
Hung and Sheng, 2002; Nourry et al., 2003; Sierralta and Mendoza, 2004). While it is 
currently unknown how this region in Dscams functionally interacts with PDZ domain-
containing proteins, PDZ domain-containing proteins have been implicated in the 
regulation of a variety of cell adhesion molecules (Sudhof, 2008). For example, within 
the neuroligin-neurexin complex, a heterophilic adhesion system that promotes assembly 
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and maturation of synapses (Sudhof 2008), the C-terminal tail of P-neurexins has been 
shown to interact with the MAGUK family protein CASK (Hsueh, 2006). CASK has also 
been shown to interact with the intracellular C-terminus of the homophilic CAM and Ig 
superfamily member SynCAM (Hsueh, 2006). A similar interaction may contribute to 
Dscam’s numerous possible functions. Indeed, in the chick, Dscams and related Sidekick 
proteins bind multi-PDZ domain proteins including PSD95 and the MAGIs, well-
established synaptic scaffolding proteins (Yamagata and Sanes, 2010). Furthermore, a 
change in composition of these protein interactions could easily allow Dscam to mediate 
multiple functions at a range of developmental time points. 
 Despite the wide range of functions and dynamic expression pattern of Dscam, 
several observations suggest that its expression must be tightly controlled in developing 
brains (Maynard and Stein, 2012). In mouse, vertebrate Dscam appears to be restricted to 
the ages at which neurons are extending processes and thereby encountering the distal 
process of neighboring cells. Deletion of the gene later in development does not result in 
the same fasciculation and spacing defects observed in Dscam-null mutants. Dscam 
protein levels peak at postnatal days 7–10 in the cerebral cortex, coinciding with a period 
of extensive axonal branching (Larsen and Callaway, 2006), and decrease after postnatal 
day 10 (Maynard and Stein, 2012). Less is known about the time course of Dscam 
expression in the Drosophila. Thus, before clear interpretations can be made regarding 
the conserved impacts of Dscam in neuron morphogenesis, the next step might be to 
characterize the expression patterns of Dscam during Drosophila MN5 development. 
Although MN5 is born during embryonic development, it is developmentally arrested 
during larval life, and all dendrites develop de novo during pupal life (Consoulas et al., 
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2002). The first dendritic branches extend off the primary neurite at early pupal stage P5, 
about 12.5 hours after puparium formation (APF). By pupal stage P7 (~40 hours APF), 
all first order dendrites have formed and higher order branches develop. At pupal stage 
P15 (~90 hours APF, pharate adult), the dendritic tree of MN5 is adult-like. It would be 
useful to determine the extent to which the dynamic regulation of Dscam coincides with 
these periods of dendrite branching, or perhaps where dysregulated or inappropriate 
Dscam expression may correspond with developmental abnormalities. Indeed, Dscam 
expression is dysregulated in several brain disorders, including Down syndrome (DS) 
(Saito et al., 2000) and bipolar disorder (Amano et al., 2008). These findings suggest that 
appropriate regulation of Dscam expression may be important for precise neuronal 
morphogenesis. 
 Dscam proteins also maintain a conserved function in neural circuit assembly 
(Zipursky and Sanes, 2010). In Drosophila, Dscam regulates synaptic target selection in a 
variety of neuron subtypes (Hummel et al., 2003; Chen et al., 2006; Zhu et al., 2006; 
Millard et al., 2010; Zhu et al., 2011). In addition, gain and loss-of-function studies in 
chick retina support the view that Dscam proteins promote the targeting of retinal 
ganglion cell dendrites and bipolar cell axons to the same layer and may promote 
synaptogenesis between them (Yamagata and Sanes, 2008). In contrast, murine Dscams 
do not appear to be required to specify synaptic connection in the mammalian retina, 
where processes of Dscam mutant cells still costratify with the appropriate synaptic 
partners (Fuerst et al., 2009). However, Dscam localizes to dendritic spines and synapses 
in murine cortex to regulate spine and synapse development (Fuerst et al., 2009; Maynard 
et al., 2012). Thus, Dscam may play a role in finalizing synaptic architecture, but the 
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appropriate cells must still find one another and establish functional connections in its 
absence. Indeed, findings from this dissertation suggest that despite a loss of adult 
dendrites, presynaptic contacts must be intact and mediating synaptic drive to the 
motoneuron (Chapter 3). Important developmental implications derive from this finding 
because retaining basic function in the absence of dendrites means that at least a subset of 
presynaptic partners must make synapses onto the remaining parts of the neuron (i.e. the 
primary neurite, the cell body, and filopodia like structures). As well, the postsynaptic 
neuron must exhibit a molecular identity that is sufficient for partner finding even in the 
absence of dendrites. It also means that, at least for a subset of inputs, the presynaptic 
axon must grow toward the target neuron, and not the dendrite toward the axon terminal. 
Further, the finding that in many cases MN5 still responds with changes in firing rate to 
optomotor demands, though less strongly, shows that a great deal of neural computation 
remains possible in the absence of dendrites. Given the growing interest in how specific 
patterns of synaptic connectivity develop and perform the computations that account for 
behavioral complexity, there is critical need to isolate the sources of synaptic input and 
define the structural substrates underlying neuron function. Hence, future studies in 
Drosophila should utilize a combination of genetics, electrophysiology and optical 
manipulations to assess fine-scale arrangement of synaptic inputs on MN5.  
 In conclusion, a larger picture is emerging in which Dscam plays a significant role 
in establishing neuronal connectivity in the central nervous system. Data from this 
dissertation shows that in the identified Drosophila motoneuron, MN5, Dscam serves a 
previously unknown role in dendrite growth and stabilization. Further, in MN5, adult 
dendrites do not appear to be required to specify basic neuronal function in flight and 
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male courtship song. However, under challenging circumstances, function is mediated by 
the intact three-dimensional dendritic arbor. These conclusions set the bedrock from 
which future studies will continue evaluate the mechanisms by which Dscam mediates its 
diverse range of functions, the extent to which neuronal function relies on a synapse 
distribution across the more than 6 mm of dendrites that MN5 normally displays, and also 
the link between dendritic structure and neuronal function in behavior. 
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Chapter 2-Figure 1. Motoneuron 5 structure and its target muscle fibers 
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Chapter 2-Figure 1. Motoneuron 5 structure and its target muscle fibers 
A, Ai. Expression patterns of C380-GAL4; UAS-mCD8-GFP, Cha-GAL80 in the ventral 
nerve cord of the adult Drosophila. The thoracic (A) and abdominal (Ai) neuromeres with 
expression in the flight motoneurons MN1-5, a ventral unpaired median (VUM) neuron, 
and ∼10 unidentified neurons in each hemisegment. The locations of the somata of MN1-
5 are marked by white arrows. B. The fine structure of motoneuron 5, MN5, which 
innervates DLM muscle fibers 5 and 6. C. Schematic drawing of the Drosophila dorsal 
longitudinal flight muscle (DLM), which consists of 6 muscle fibers each of which is 
innervated by one motoneuron.  
 
Images in A, Ai reproduced with permission from Duch C, Vonhoff F, and Ryglewski S 
(Duch et al., 2008). 
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Chapter 2-Figure 2. Expression of Dscam-RNAi in MN5 causes dendrite overgrowth 
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Chapter 2-Figure 2. Expression of Dscam-RNAi in MN5 causes dendrite overgrowth 
A, C. The fine structures of MN5 from (A) Dscam-RNAi and (C) control are depicted as 
representative projection views superimposed with geometric reconstructions of MN5 
dendrites. Ten dendritic subtrees that branch posteriorly from the primary neurite can be 
identified by the sequence of their origins and colored for visualization (B, D). To 
visualize individual subtrees, 3D colored volumes were wrapped around each subtree (Bi, 
Di) and visualized from different angles (Bii, Dii). Individual dendritic subtrees were 
separated from each other in three-dimensional space for both Dscam-RNAi (Bi, Bii) and 
control (Di, Dii). E. MN5 total dendritic length (TDL, grey bars) and number of branches 
(white bars) from control and Dscam-RNAi normalized to mean control values. F-G. 
Sholl analysis of MN5 total dendritic length (F) and number of branch points (G) in 
control and following Dscam-RNAi knockdown. Each point represents mean ± SEM. 
n=3 for control and Dscam-RNAi neurons, * p<0.05, ** p<0.001 (Independent samples t-
tests for dendritic branching and length; two-way ANOVA with Bonferroni post-test for 
Sholl analysis). Scale bars: 10 µm. 
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Chapter 2-Figure 3. Enhanced Dscam-RNAi knockdown in MN5 impairs dendrite 
growth.  
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Chapter 2-Figure 3. Enhanced Dscam-RNAi knockdown in MN5 impairs dendrite 
growth.  
A-C. Representative dendrite reconstruction of MN5 following expression of UAS-Drc2 
alone (A), and following targeted expression of Dscam-RNAi and Dcr2 in MN5 (B, C), 
which caused a reduction in dendritic branches in 10 out of 25 preparations (B) and a 
complete lack of dendrites in 15 out of 25 preparations (C). D. Total dendritic length 
(TDL, grey bars) and number of branches (white bars) in MN5 following expression of 
Dcr2 alone compared to expression of Dscam-RNAi and Dcr2, both normalized to mean 
control values (w1118). E-F. Sholl analysis of total dendritic length (E) and number of 
branches (F). MN5 preparations without dendrites (see C, G) were not included in 
quantification shown in D-F. Each point represents mean ± SEM. Dcr2, n=3 neurons, 
Dcr2;Dscam-RNAi, n=3 neurons, *p<0.05, **p<0.001 (Independent samples t-tests for 
dendritic branching and length; two-way ANOVA with Bonferroni post-test for Sholl 
analysis). G- I. Representative projection views of MN5 dendritic structure following 
expression of Dscam-RNAi and Drc2 in the adult (G), at pupal stage P6 (H), and at pupal 
stage P9 (I). White boxes depict selective enlargements of filopodia- and lamellipodia-
like processes. Scale bars: 10 µm.  
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Chapter 2-Figure 4. Dscam is required cell-autonomously for dendrite growth in 
MN5.  
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Chapter 2-Figure 4. Dscam is required cell-autonomously for dendrite growth in 
MN5.  
A-C. Representative projection views of a control MN5 (A) compared with Dscam47 (B) 
and Dscam21 (C) mutant MN5s. Boxes indicate selectively enlarged areas with 
lamellipodia- and filopodia-like processes. D-F. Unidentified Dscam47 mutant neurons 
from (D) abdominal, (E) metathoracic and (F) prothoracic neuromeres marked by 
dendritic defects. Scale bars: 20 µm. 
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Chapter 3-Figure 1. Enhanced Dscam-RNAi knockdown reduces dendritic branches 
in MN5 to varying severity 
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Chapter 3-Figure 1. Enhanced Dscam-RNAi knockdown reduces dendritic branches 
in MN5 to varying severity 
A. Schematic drawing of MN1-5 in the Drosophila nervous system and their innervation 
on the dorsal longitudinal flight muscle (DLM) fibers, which consists of 6 muscle fibers 
each of which is innervated by one motoneuron. MN5 is depicted in green. B. MN5 total 
dendritic length and number of branches from control (white bars), Dcr2 (grey bars) and 
Dcr2;Dscam-RNAi with (striped bars) and without dendrites (black bars) normalized to 
mean control values. Each point represents mean ± SEM. n=3-4 neurons per genotype (* 
p<0.005 for Dcr2;Dscam-RNAi with dendrites v. control or Dcr2, two-way ANOVA 
with Tukey post-test; ϕ no quantifiable mature dendrites). C-F. The fine structures of 
MN5 from (C) control, (D) Dcr2, (E) Dcr2;Dscam-RNAi with-, and (F) without 
dendrites are depicted as representative projection views of all confocal optical sections. 
Scale bars: 10 µm. 
 
The image in A has been reproduced with permission from Vonhoff F, Williams A, 
Ryglewski S, and Duch C (Vonhoff et al., 2013).  
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Chapter 3-Figure 2. Targeted genetic manipulations of Drosophila Dscam1 leave 
general locomotion, vision and MN5 ionic currents intact. 
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Chapter 3-Figure 2. Targeted genetic manipulations of Drosophila Dscam1 leave 
general locomotion, vision and MN5 ionic currents intact. 
A. Male flies from all groups show positive phototactic behavior and normal locomotor 
performance. Each point represents mean ± SEM. Data is represented as a percentage per 
group (for each genotype we tested 10-12 groups of 5 flies). B-E. Representative traces 
from in situ patch clamp recordings from the soma of MN5. Following the targeted 
expression of Dcr2;Dscam-RNAi in MN5 did not affect voltage-gated total transient (B) 
and sustained (C) potassium currents, or transient low voltage activated (LVA) calcium 
currents (D, E red traces), and non-inactivating high voltage activated (HVA) calcium 
current (E, black traces). B. Transient potassium currents were electrically isolated by 
subtracting current traces elicited from a holding potential of −20 mV from traces evoked 
from a holding potential of −90 mV. C. Total potassium currents as elicited by voltage 
steps from −90 to +20 mV in 10 mV increments from a holding potential of −90 mV in 
TTX containing saline and after bath application of 500 µM cadmium. D, E. Total 
calcium current in MN5 was measured by clamping the neuron from its resting 
membrane potential of –65 mV to a holding potential of –90 mV, and applying voltage 
steps from –90 mV to +20 mV in 10 mV increments. LVA calcium current in MN5 could 
be measured in isolation at command voltages between –60 mV and –40 mV.  
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Chapter 3-Figure 3. Targeted genetic manipulations of Drosophila Dscam1 leave 
DLM-GF neural circuitry intact. 
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Chapter 3-Figure 3. Targeted genetic manipulations of Drosophila Dscam1 leave 
DLM-GF neural circuitry intact. 
A. Giant Fiber (GF) System schematic depiction. B-I. GF-DLM pathway was assessed by 
electrically stimulating the GF neurons in the brain and recording from the target muscles 
(distal DLM fibers 5 and 6. Representative DLM action potentials are shown following 
voltage pulses of 0.15 ms delivered to the brain. The short latency response (B) is the 
interval between the stimulus artifact and the onset of the initial phase of the muscle 
potential, as indicated by dotted lines. In the test for following frequency (C), a train of 
ten stimuli are given to the preparation at high frequency and the responses are recorded. 
The minimum frequency was recorded at which the muscle responded to all ten pulses. 
Failure is indicated by a red asterisk. The refractory period (D) is the shortest time 
between twin stimuli that still produces two corresponding muscle responses (red arrow). 
Failure is indicated by a red asterisk. Increasing the stimulation episodes of the high 
frequency stimuli until the response rates fall below 50% (15 out of 30) is described as 
the Following Frequency 50 (FF50, E), and is a measure of GFS synaptic fidelity. F-I. 
Following the targeted expression of Dcr2;Dscam-RNAi, stimulation of GF neurons 
generated an action potential with a response latency (F) and a refractory period (G) 
similar to controls (w1118). H-I. For all groups, the DLM neuromuscular junction 
responded with high fidelity to trains of high frequency stimulation (following frequency, 
FF50). Each bar represents the median plus quartile. Control, n=7-10 neurons; 
Dcr2;Dscam-RNAi, n=5-8 neurons. 
 
 
101 
Chapter 3-Figure 4. Dcr2;Dscam-RNAi-induced motoneuron dendritic defects 
result in specific tethered flight deficits. 
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Chapter 3-Figure 4. Dcr2;Dscam-RNAi-induced motoneuron dendritic defects 
result in specific tethered flight deficits. 
A. Numbers of flight bouts performed by control (w1118, white bar), Dcr2 (grey bar) and 
Dcr2;Dscam-RNAi flies (striped bar) in response to repeated air puff stimuli. Each bar 
represents the median plus quartile. Control, n=38; Dcr2, n=34; Dcr2;Dscam-RNAi, 
n=39 (* p<0.05 for control v Dcr2;Dscam-RNAi). B-C. The average duration of 
individual flight bouts (B) and the total duration of all consecutive flight bouts (C). Each 
bar represents the median plus quartile. Control, n=38; Dcr2, n=34; Dcr2;Dscam-RNAi, 
n=39. (* p<0.05 for Dcr2;Dscam-RNAi v. control or Dcr2). D. A subset of animals were 
subjected to air puff stimulation and the resulting MN5 firing pattern was recorded from 
the DLM during flight. Each bar represents the median plus quartile. Control, n=20; 
Dcr2, n=18; Dcr2;Dscam-RNAi, n=30 (* p=0.001 for control v Dcr2; * p<0.001 for 
control v Dcr2;Dscam-RNAi. E. Representative extracellular recording of MN5 firing 
patterns during flight in a control and Dcr2 (left column). Targeted expression of 
Dcr2;Dcsam-RNAi in MN5 (right column) produced a range of dendritic phenotypes 
(with or without dendrites) and a corresponding variety of firing patterns. Traces above 
the recordings resemble spike counts. Black arrow demarks start of flight by air puff 
stimulation. 
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Chapter 3-Figure 5. Mature MN5 dendrites are not required for basic motoneuron 
function during a flight challenge.  
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Chapter 3-Figure 5. Mature MN5 dendrites are not required for basic motoneuron 
function during a flight challenge.  
A-D. Average MN5 firing frequencies from control (A), Dcr2 (B), Dcr2;Dscam-RNAi 
with (C) and without dendrites (D) during a challenging tethered flight assay, plotted as a 
function of time and stripe position (Neutral, Down, Up). E. Changes in flight behavior 
were elicited by a uniformly rotated stripe pattern, which alternated every 10 seconds 
between upward drift and downward drift, independent of the fly's behavior. To evaluate 
the response to the moving stripes, we calculated the average duration for increase from 
the minimum frequency to the maximum frequency (F) and also the difference between 
the minimum and maximum frequency attained (G). Each bar represents the median plus 
quartile. Control, n=11; Dcr2, n=14; Dcr2;Dscam-RNAi with dendrites, n=14; 
Dcr2;Dscam-RNAi without dendrites, n=14 (* p<0.05; ** p<0.01). 
 
 
 
 
 
 
 
 
 
 
 
105 
Chapter 3-Figure 6. MN5 firing patterns during flight correlate with dendritic 
phenotype. 
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Chapter 3-Figure 6. MN5 firing patterns during flight correlate with dendritic 
phenotype. 
Regardless of dendritic phenotype, all flies maintain flight during challenging tethered 
flight experiments. Vertical oscillation of the horizontal stripes across the flies’ visual 
field elicited a rhythmic pattern in representative control (A) and Dcr2 (B) flies (C, right 
panel), so that MN5 increased firing in response to rising stripes and decreased firing in 
response to falling stripes, producing a sinusoidal response curve. C-D. For preparations 
targeted with Dcr2;Dscam-RNAi, dendritic phenotypes were confirmed by intracellular 
fills following extracellular recordings during tethered flight. Those with dendrites (C), 
show control-like rhythmic firing patterns that closely adjust with stripe movement. In 
contrast, those with a complete loss of mature dendrites display firing patterns in MN5 
that produce only moderate changes in response to rising stripes (D).  
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APPENDIX A 
MORPHOLOGICAL ANALYSIS OF DROSOPHILA ADULT MN5 DENDRITES 
USING THE MARCM TECHNIQUE 
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I present here a practical guide to generate and analyze genetic mosaics marking the adult 
Drosophila motoneuron, MN5, with the MARCM (Mosaic Analysis with a Repressible 
Cell Marker) technique. 
 
Prepare Grape Agar Plates 
 
1.   Ingredients:  1020.0 ml  ddH20 
 40.8 g   Agar 
 74.8 g  Sucrose 
 340.0 ml Welch’s grape juice concentrate 
 34.0 ml EtOH 
 17.0 ml  Glacial Acetic Acid 
 1.45 liters Total 
 
2.   Add agar and sucrose to cold water. 
3.   Stir ingredients and heat slowly on a hot plate until dissolved. 
4.   Bring to a simmer, but do not boil. Stir regularly  
5.   Remove from heat and add grape juice concentrate 
6.   Cool to ~65°C 
7.   Add EtOH and Acetic Acid and stir to combine 
8.   Immediately pour agar into 100 x 15 mm plastic Petri dishes  
9.   Let the agar cool and solidify, approximately 5 min 
10. Cover with petri dish lid and store at 4°C. The ideal thickness of the gel is about 3-4 
mm to seal each conical tube and to provide moisture for 24 hours. If the gel is too 
thick, it may fall down when we change the plate. 
 
Prepare Egg collection chambers 
 
1.    Arrange five 50mL Conical Tubes inside a 100 x 15 mm plastic Petri dish and glue 
the base of the tubes together and to the bottom of the Petri dish using silicon 
rubber adhesive. 
2.    Using a hot needle, make holes in the tubes for air circulation. 
3.    Tape around the tubes to keep them stable. 
 
Genetic Crosses 
 
Example: To generate MARCM clones cross hsFLP, C155-Gal4, UAS-mCD8-GFP; 
FRT42D, tubP-GAL80/CyO to FRT42D Dscam21/CyO or Dscam47/CyO. 
 
Prepare Flies 
 
1.    In order to obtain enough eggs for easy selection of embryos of the correct stage, we 
try to put about 25 virgins into a cross, together with about 10 males. 
2.   If a cross is to be screened, mix the male and female flies and keep the flies in 68-ml 
vials on a standard yeast corn meal medium at room temperature for at least 3 days. 
109 
Collection of Embryos 
 
1. Put yeast paste smear on an agar plate for each barrel. 
2. Prepare 20 inch long labeling tape to hold the chamber and the plate together. Fold 10   
mm of each end for easy plate change. 
3. Inject CO2 gas in the fly vials and transfer the flies into the labeled barrels. 
4. Cover the chamber with the egg collection plate and press down. 
5. Tape around the chamber and the plate together starting from the middle of agar 
plate. The tape will overlap on the egg collection plate. 
6. Allow females to lay eggs for 2 hours with the collection chamber in a dark place 
positioned at a slant. 
7. Replace the egg collection plate at the desired time. 
 
Aging of Embryos 
 
Place the egg collection plate upside down on a covered Petri plate with wet 90 mm circle 
filter paper and keep at the desired temperature*. For experiments targeting MN5, I 
typically do collection in the evening, then incubate the embryos for >13 hr at 19° C.  
 
Note: For changing the desired developmental stage, adjust the aging time and 
temperature. 
 
Heat Shock Treatment 
 
1. Seal around the agar plate with Parafilm. 
2. For a smaller number of clones, aiming for single isolated neurons, submerge and 
heat shock in the water bath for 1 h at 37.5°C. 
3. During heat shock, submerge the plate in the water bath and hold it down using a 
weight. 
 
Note: Adjusting the heat shock protocol alters the frequency at which clones are 
generated. 
 
Screening for Clones 
 
1. After heat shock, remove the Parafilm and the lid of the Petri dish. 
2. Place the individual circles of agar into 68-ml vials containing yeast corn meal.  
3. Culture the embryos at 25°C until adulthood. 
4. Identify GFP-labeled clones by examining 1-day-old adult Drosophila. 
5. Immerse preparation in cold saline (pH 7.4), open along the dorsal ventral midline, 
and examine under a fluorescence microscope. 
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